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Abstract

Graphite is used within a reactor as a moderator and a reflector material. During fast neutron
irradiation, the physical properties and dimensions of nuclear graphite are changed significantly.
Graphite shrinkage could lead to disengagement of individual component and loss of core
geometry; differential shrinkage in the graphite component could lead to the generation of
internal stresses and component failure by cracking. The latter behaviour is complicated by the
irradiation induced changes in Young’s modulus and strength.

These dimensional and modulus change have been associated with the irradiation-induced
closure of many thousands of micro-cracks associated with the graphite crystallites due to crystal
dimensional change. Closure of microcracks in nuclear graphite was simulated by external
pressure (hydrostatic loading, deviatory stress and dynamic loading) and not by irradiation, whilst
Young’s modulus was measured to check if there was any correlation between the two

mechanisms.

A study of the deformation behaviour of polycrystalline graphite hydrostatically loaded up to
200MPa are reported. Gilsocarbon specimens (isotropic) and Pile Grade A (PGA) specimens are
(anisotropic in nature) were investigated. Strain measurements were made in the axial and
circumferential directions of cylindrical samples by using strain gauges. Dynamic Young’s
modulus was also investigated from the propagation velocity of an ultrasonic wave. Porosity
measurements are made to determine the change in the porosity before and after deformation
and also their contribution towards the compression and dilatation of graphite under pressure.
Graphite crystal orientation during loading was also investigated by using XRD (X-ray
diffraction) pole figures. Effective medium models were also investigated to describe the effect

of porosity on graphite elastic modulus.

All the graphite specimens investigated exhibited non-linear pressure- volumetric strain
behaviour in both direction (axial and circumferencial). In most of the experiments, the
deformation was closing porosity despite new porosity being generated. Under hydrostatic
loading, PGA graphite initially stiff then it became less stiff after a few percent of volume strain
and then after about ~20% volumetric strain they stiffen up again, whist Gilsocarbon showed
similar behaviour at lower volumetric strain (~10-13%). Gilsocarbon was stiff than PGA; this
behaviour is due to the fact that Gilsocarbon has higher density and lower porosity than PGA.
During unloading, a large hysteresis was formed. The stressed grains are relieved; the initial

closed pores began to reopen. It is suggested that during this stage, the volume of pore re-



opening superseded the volume of pores closing, the graphite sample volume almost fully

recovered.

In the axial compression test, PGA perpendicular to the extrusion direction (PGA-AG) was less
stiff than PGA parallel to the extrusion direction (PGA-WG); in the hydrostatic compaction test,
the PGA-WG sample deformed more because it had to undergo a less complicated shape
change. This is because the symmetry of their anisotropy is parallel to the symmetry of the

sample.

The Pole figures showed an evidence of slight crystal reorientation after hydrostatic loaded up to
200MPa. The effective medium model revealed the importance of porosity interaction in

graphite during loading.
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CHAPTER 1

1 Introduction

Artificially produced graphite as used in nuclear reactors is a porous (~20% porosity)
polycrystalline material. It can be classified as an engineering material with several advanced
applications, some examples of its use are:
% in the steel industry, it is used an electrode material for arc furnace applications, the
anisotropy of graphites is one of the desired properties because it provides electrode with

adequate flexural strength along its length [1, 2].

X/
°e

the high electrical conductivity of graphite makes it desirable for use as electrodes and

brushes in electric motors as well as in solar energy applications [1]

% while diamond is one of the hardest substance known, graphite is one of the softest.
Graphite can also be used for pencil and as a lubricant or coating to reduce friction and
corrosion [3].

¢ graphite is suitable for use in rocket nozzles, due to its excellent thermal shock resistance
and,
% in the nuclear industry, high purity graphite (nuclear graphite) is used within a reactor as a

moderator and reflector material, due to its low neutron absorption, and it is also an
excellent high temperature material [4].

It is the latter application, in particular the simulation of changes due to fast neutron irradiation

that the thesis is concerned.

Graphite bricks shrink when irradiated; pores and cracks are forced to close up to accommodate

the crystal expansion, and take up thermal expansion on the c-axis of the basal plane [5]. These

physical changes result in higher elastic modulus and strength of the material [6, 7]. Graphite
shrinkage could lead to disengagement of individual component and loss of core geometry.

Differential shrinkage in the graphite component can lead to the generation of internal stresses

and component failure by cracking. The latter behaviour is complicated by irradiation induced

changes in Young’s modulus and strength.

These dimensional and modulus change have been associated with the irradiation-induced

closure of many thousands of micro-cracks associated with the graphite crystallites due to crystal

dimensional change [8].

The aim of this work is to simulate the effects of closure of microcracks in nuclear graphite not

by irradiation but by external pressure, whilst measuring Young’s modulus, and to see if there are



any synergies between the changes in properties due to the two mechanisms (Hydrostatic
compaction and irradiation).
The harsh nuclear reactor environmental conditions (e.g. fast neutron fluence, radiolytic
oxidation and high temperatures) need to be accounted for when considering the structural
design and safety of core graphite structures. Safe design of graphite components requires full
understanding of the mechanical properties such as Young’s modulus, shear modulus and
Poisson’s ratio [7, 9].
The Young’s modulus of a nuclear graphite can be measured using two different methods i.e.
% From the slope of the stress-strain curve close to the origin (tangent/secant/average
modulus)
% The propagation velocity of an ultrasonic wave and the resonance frequency (dynamic
modulus).
The value of Young’s modulus calculated using these methods are not identical and there is
limited information on the relationship between the moduli obtained using these methods [7].
Extensive studies have been made in order to establish an understanding of the behaviour of
nuclear graphite under a variety of conditions, as well as to understand the structure-property

relationships governing the behaviour of artificially produced polycrystalline graphite [8, 10, 11].

Since irradiation changes are related to opening and closure of porosity and reorientation of the
crystallites in polycrystalline graphite, it is considered that an indication to the nature of these
changes may be gleamed by loading graphite under high hydrostatic pressure (up to 200MPa) as
a method of simulating crack closure. In the work reported here the effect of high pressure
(hydrostatic loading, differential stress and dynamic loading) on the static and dynamic moduli of
the nuclear graphite has been analysed and compared with each other. Mercury and helium
pycnometers have been used to measure the open porosity in each graphite sample before and
after hydrostatic loading. During testing the modulus was determined by monitoring the loading
and by using strain gauges and in some cases directly by ultrasonic measurement, in order to
investigate the effect of porosity distribution on static and dynamic modulus. In addition the
porosity of the samples has been examined before and after hydrostatic deformation using X -ray
micrography and is compared with the effective porosity distribution obtained using the mercury

pycnometry.

The relationship between experimental dynamic modulus and porosity change is compared with

literature data [12, 13] on the change in Young’s modulus of irradiated reactor graphite (Magnox



PGA and AGR Gilsocarbon graphite), in order to investigate relationship between the

hydrostatic compressed virgin samples and irradiated samples.

The research reported here combines measurement of mechanical properties of graphite under
high pressure and compares the experimental results with predictions made using various
effective medium models (Voigt, Reuss, Hill, Kuster and Toksoz, and Hashin-Shtrikman
bounds) previously developed to explain and verify the pressure/property relationships in other
materials (i.e. rocks and other porous materials). The effect of basal dislocation, surface energy,
porosity closure and heat lost during hydrostatic deformation were also considered. Helium and
mercury pycnometry was used to determine the porosity in loaded and unloaded samples. The
behaviour of graphite under the different loading conditions mentioned above was also analysed

and compared with each other.

This advantage of this approach to the investigation of crack closure in graphite is

R

% the author did not have the expenses and difficulties associated with irradiating
specimens in a reactor or dealing with active material.

¢ in this approach, the whole volume of graphite is altered during loading, and one can
examine the bulk property change, unlike in ion-irradiation where the irradiated volume
is minute, leading to difficulties in property measurement.

¢ change in Young’s modulus can be measured in real time whilst the cracks are closing.

¢ the experimental time scale is very short compared with irradiating samples.

¢ differential stress can be applied at different initial hydrostatic pressures and hence crack
closure states.

% From a scientific point of view graphite is an unusual material with extremely interesting
material properties; graphite properties and behaviour under loading is worthy of
investigation in its own right. Therefore this work is not only of interest to the nuclear
industry but it is an interest to science community as a whole

The design and safety assessment of nuclear graphite components is often based on empirical
rules derived from material irradiation data, but the accumulation of operational experience have
proven such empirical rules to be inadequate in some cases, therefore more understanding of the

relationship between change in microstructures and bulk mechanical properties is required [14].

The changes in graphite properties in a reactor are driven predominantly by fast neutron

irradiation (and radiolytic oxidation). Understanding graphite microstructural changes during



hydrostatic loading may help to reveal how the dimensional and property changes in graphite are

influenced as the internal porosity is closed by irradiation-induced crystal dimensional change



CHAPTER 2

2 Theory and literature review

2.1 Importance of nuclear graphite in a nuclear reactor

During operation, graphite in a nuclear reactor undergoes significant property changes due to the
nuclear reactor environmental conditions (i.e. fluence, radiolytic oxidation, high temperature).
These effects change the crystal properties and microstructure of nuclear graphite in a complex
manner. These property changes have been studied over many years [5]. Bulk graphite
mechanical property changes influence the reactor core lifetime integrity. In order to understand
the irradiation behaviour of bulk graphite, it is very important to understanding the behaviour of
graphite crystallites. Graphite shrinkage may lead to disengagement of individual component and
loss of core geometry; graphite expansion could lead to large forces between structures
(component generation of high stresses i.e. higher Young’s modulus) and component failure by
cracking. Two of the most important considerations in designing a graphite moderator that will
have a long life are designing for component integrity and design that will ensuring that changes
in graphite core geometry are acceptable. Both these design issues are affected by irradiation
induced dimensional change and changes to the thermal and mechanical properties [15]. Of
particular interest are irradiation induced to changes to Young’s modulus, which is also affected

by radiolytic weight loss.

2.2 Manufacture of nuclear graphite; PGA & Gilsocarbon

An understanding of graphite microstructure which is determined by the manufacturing process
is required, because this influence the quality and behaviour of graphite. In general graphite is an
allotrope of carbon [16] and has many applications varying from pencil lead to electrodes.
Nuclear graphite is used within a reactor as a moderator and reflector material (sustaining the
nuclear fission chain reaction). For this purpose high purity graphite (free from neutron
absorption material e.g. boron) is required. Nuclear graphite is also used for other features
related to reactor cores, such as fuel sleeves, spacer rings, and shield-wall protection. Graphite
was also chosen for use in a nuclear reactor due to its high thermal conductance and its high
strength at temperature [17]. Anisotropic extruded pure petroleum coke graphite called Pile

Grade A (PGA) was used in the construction of the early United Kingdom nuclear power



reactors (Magnox) while a much improved graphite called Gilsocarbon, a near isotropic moulded
graphite manufactured from Gilsonite coke (natural asphalt mined in Utah, USA) was used as a

moderator in the Advanced Gas-cooled Reactor [18].

2.2.1 Crystal and bulk physical properties of PGA and Gilsocarbon

The graphite crystal structure (as shown in the Figure 2.1) was first proposed in 1924 by John
Desmond Bernal [19]. Graphite consists of layered planes of carbon atoms, the layers are stacked
above one another in a staggered manner. The spacing between layers is approximately 2.3 times

the distance between the adjacent carbon atoms in a layer.
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Figure 2.1 Crystal structure of Graphite showing ABAB stacking sequence and unit cell in Yellow (adapted
from [161')

The crystal lattice has two main axes: the three directions along the basal plane (a-axes) and the
direction perpendicular to the basal plane (s-axis). In each layer plane, the carbon atom is bonded
to three other neighboring carbons to form continuous hexagons. The covalent bonding

between two carbons is very strong (524 kJ/mol) and short in length (0.141 nm). The bonding



between layer planes is longer (0.335 nm) and weaker (7 kJ/mol) and is attributed to van der

Waals forces [5, 10].

Table 2.1 Material properties of a graphite crystal at room temperature [20]

Property Units Value
a-axis c-axis
Density g/cm’ 2.267
Interlayer spacing 10" m 335
Mosaic spread ° 0.15
Electrical resistivity ohm-cm 40 x 10° 0.01 to 1.0
Thermal conductivity watts/cm K 2t05 0.4t0 0.8
Thermal expansion K (20-100°C) -1.5%10° 27 x10°
Thermoelectric power OV/K -5 not available
sulzlciittliebtiil(;ty emu/g -0.3x10° 21 x10°




Table 2.2 Graphite crystal elastic tensor. All values are in GPa [21]

C, C, Cs C,, C,, C,, Bulk moduli

1109 139 0 38.7 5 485 36

Table 2.1 gives the materials properties of graphite crystals at room temperature. Stacking of
graphite layer planes could possibly occur in two different orientations: rhombohedra (beta) and
hexagonal (alpha) as shown in the Figure 2.2. According to Bosak et al. [21], the graphite single

elastic tensor is shown in Table 2.2. The bulk moduli was estimated as 36 GPa [21].

A) B)

Figure 2.2 Schematic of (A) Hexagonal and (B) Rhombohedral lattice of graphite crystal [22, 23]

The most common arrangement is hexagonal [24], the stacking of layer planes in the hexagonal
structure is AB. The theoretically feasible Rhombohedral structure has a stacking order of ABC
[25] but has never be found in pure form, as it is a thermodynamically unstable form of graphite
that can be annealed out above 1300 °C [16]. Graphite is considered to be one of the purest
forms of carbon [16], its purity is needed in nuclear applications to avoid absorption of low-
energy neutrons and to reduce the production of undesirable radioactive species from impurities.
Graphite used in a nuclear reactor is produced artificially; the basic manufacturing processes are
shown in the Figure 2.2. The manufacturing is a “batch” process and it varies depending on the
desired properties and application of the finished product (graphite). The basic raw materials for

the production of graphite are a petroleum or pitch coke and a pitch binder [206].
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Figure 2.3: The manufacturing process for nuclear graphite (adapted from previous work [20, 25, 27])

The essential steps in the manufacturing process are: coke calcination, mixing, forming into

green shapes, baking and impregnation, and graphitising. In addition in some cases a final

purification step is required. The steps are outlined as follows:

R/
o

Coke calcination: Petroleum coke is a by-product from the processing of crude oil
while pitch coke is manufactured from coal tar pitch or naturally occurring pitch.
Petroleum coke has a poor crystalline structure which can be improved through heating;
pitch coke structure is less ordered than petroleum coke. Coke is calcined prior to being
processed into graphite [25]. It is heated to 1300 "C during calcination in order to remove
any residual volatile hydrocarbons ie. (methylene (CH,), ethane (C,H,), hydrogen
sulphide (H,S), hydrogen (H,) and methyl mercaptan (CH,SH) [28], resulting in a
materials volume reduction. The coke crystallinity is improved at the same time during
heating. In PGA and Gilsocarbon, the coke is produced from petroleum and Gilsonite
pitch respectively [29]. The calcined coke is crushed, ground and blended to obtain the

required filler particle distribution before mixing.

Mixing (the binder): Binder pitch is mixed with blended calcined coke. The binder is
cither a petroleum or coal-tar pitch. Coal tar is a thermoplastic material; it is solid at
room temperature and it becomes viscous when heated. It is suitable as a binder for
graphite manufacture because of its high viscosity at high temperature, high carbon

content, high specific gravity, and because it is relatively cheap.



% Forming into green shapes: After mixing, the aggregate is then allowed to cool before
being extruded or moulded into an artefact. The artefacts are of different sizes and
shapes, depending on the initial type of coke used and are termed the “green artefact”
although the article colour is not green. In PGA, the mixture is carefully extruded at
constant pressure and rate, resulting in a general alignment of the filler particles, which
are needle shaped, parallel to the direction of extrusion. The extrusion process gives rise
to an anisotropic bulk material, In Gilsocarbon, the mixture is moulded resulting in a
much smaller degree of directionality (alignment) of the filler particles. The degree of
anisotropy is also influenced by the size of the particle (i.e. 0.5 - 1 mm) and source of the

coke [25].

< Baking and impregnation: The green artefact is baked at 1000 "C, where the remaining
volatile ash in the green artefact is removed and the pitch binder is carbonised. After
baking, the density of the green artefact is usually between 1.65 g/cm’ and 1.70 g/cm’.
The baked artefact is impregnated with pitch in order to increase the density and
improve the final material properties. A higher density can be achieved by repeating the
impregnation with a suitable pitch and then re-baking. The baking process leads to a

distribution of gas evolution pores in the structure of the final material [27, 28]

*¢ Graphitisation: Graphitisation involves a displacement and rearrangement of layer
planes and smaller groups of planes to achieve a three-dimensional ordering. Carbon can
be graphitised when heated at a temperature greater than 2500 ’C in a furnace packed
with coke dust and silicon sand to prevent thermal oxidation. An high degree of
crystallinity is reached as the structure approaching a perfect crystal, resulting in changes

to the material properties. Graphitisation takes 3-4 days [20, 28].

Historically, the manufactured nuclear graphite’s density was 1.6-1.80 g/cm’. The density of
pure graphite crystal is 2.26 g/cm’ compared with the density of PGA (1.74 g/cm’) and
Gilsocarbon (1.81 g/cm?) [18, 30]. This suggested that both nuclear grades have ~20% porosity.
The lower density of PGA compared to Gilsocarbon is due to the differences in porosity

between the two nuclear graphite grades, which will be discussed later in this report.
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2.3 Microstructural characterisation of nuclear graphite; PGA and

Gilsocarbon

The graphite article produced during graphitization consists of inter-connected filler grains and a
binder phase. This article is called polycrystalline graphite, due to the array of small
submicroscopic graphite crystallites making up the filler and the binder phases. Crystalline size
varies from 20-50 nanometer to a few microns in polycrystalline material [23, 31], their

orientations depend on the manufacturing process.

Polycrystalline graphite structure includes graphite crystal lattice, grain size and shape, the degree
of ordering within the tiny crystallites present in the polycrystalline phases, different pore size
distribution, and shape. Coke particle size varies between 25-300 Jm [25, 32], the particle size
below 10 Jm size are called flour [25]. In polycrystalline graphite, binder and filler are sometimes
indistinguishable. The nature of the binder-filler boundary, their shape and size is not well
understood. Filler particles consist of aligned crystallites and provide high strength to the

material [33, 34]. PGA nuclear graphite has distinguishable alighment of the filler particles.

PGA was manufactured for early gas-cooled reactors and the filler particles are derived from the
petroleum industries. PGA has an oval or needle-like shaped filler particle which is preferentially
aligned with the extrusion axis. The bulk material had anisotropic material properties since the

crystallites within the filler particle were preferentially aligned [10].

Gilsocarbon was manufactured for advanced gas-cooled reactors (AGRs) and the filler was
obtained from Gilsonite (naturally occurring asphalt mined in the USA). It has spherical, onion
shaped filler particles which have no preferential alighment during manufacturing process. The
bulk material had near-isotropic material properties, as the crystallites within the filler particle

tends to align circumferentially [10].

The filler particles in each graphite grade were highlighted with red mark as shown in the Figure
2.4. The black regions in the tomography are the porosity while the grey regions comprise the

graphite block.

11



GILSO

Figure 2.4 Tomography images of PGA sample (J12) and Gilso (Gilsocarbon (I8)). The filler particles in
each micrograph were marked in red

The binder and impregnated crystallites in both graphite grades are randomly oriented with no
preferential alignhment. Extensive networks of interconnected pores, leading from the surface to
the core are also a common feature; these are referred to as ‘open pores’ as they are accessible to
gas or fluid. Isolated pores are referred to as ‘closed pores’ [35]. The manufacturing process
described above gives rise to a population of porosity and crystallite orientations in nuclear
graphite. Pore structures develop in the binder during the baking process. Binder can be
characterised by ‘domains’, which are regions of common basal plane alignment extending over
linear dimensions greater than 100 um and “wosazes’ which are regions of crystallite disorderliness

with linear dimensions of common basal plane orientation of less than 10 um [30].

2.3.1 Porosity in Polycrystalline Graphite

Previous work [4] investigated the porosity distribution in nuclear graphite and wide range
spectrum of pores was observed as shown in the Figure 2.5. Pores can be classified into three
families according to their size namely:

(a) micropores (very fine pores) < 2 nm,

(b) mesopores (fine pores) in the range of 2 nm - 50 nm and

(c) macropores (large pore) > 50 nm [37, 38].

The porosity populations can include gas evolution pores (micrometers in size), calcination
cracks (micrometers in width and tens of micrometer in length), and Mrozowski cracks

(nanometers wide and micrometers in length).
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Figure 2.5 Mercury pycnometry result of pore size distribution in the nuclear graphite materials (adapted
from Saheed [4])

¢ Gas evolution pore: During the baking of the green artefact, gases and hydrocarbons
are driven off, resulting in cylindrical aspect ratio pores otherwise known as gas evolution
pores [39] They are sometimes referred to as open porosity, as they provide the route for
gases to penetrate into bulk structure.

% Calcination crack: Calcination cracks formed during the coking process. They are large
cracks (few micrometers in length and width) and there are two types of this crack;
lenticular cracks which are aligned around the filler particle and non-lenticular cracks
from that crack through the layers. These crack populations are found in both nuclear

graphites, which will be discussed later in this thesis.
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Mrozwoski cracks

Figure 2.6 Transmission electron microscopy (TEM) image of nuclear graphite showing Mrozowski
cracks (from Jones’s work [2])

% Mrozowski cracks: These narrow cracks lie between the basal planes and arise from the

anisotropic shrinkage of the crystallites during cooling from graphitisation temperatures.
They are named after the author who first described their occurrence (Mrozowski) [40].
Typical Mrozowski cracks within Gilsocarbon graphite are shown in Figure 2.6. These
are important features in bulk graphite as during irradiation the crystals swell and result
in a closure of these cracks which affects to the bulk mechanical properties and cause
dimensional changes. Moreover their formation can also be linked with internal stresses

generated during cooling after graphitization.

At graphitisation temperatures above 2800 “°C the thermal energy breaks the atomic bonds in the
structure and reform during cool down until the structure shocked. The high c-axis coefficient of
thermal expansion (CTE) results in local stresses with the structure. If there is a high local stress,
the structure has to accommodate for this and microcracks form. These align parallel to the
crystal c-axis [34, 39]. Mrozwoski cracks are present in the filler particle and binder. Mrozowski
cracks range from 10 nm in width and few nanometers to over 1 pm in length (example of

Mrozwoski crack show in Figure 2.7 [41].
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2.4 Mechanical properties and hydrostatic deformation of polycrystalline
graphite; bulk modulus, non-linearity and hysteresis behaviour - elastic

properties

Graphite is a weak and brittle solid material; compressive strengths are 3-4 times higher than the
tensile strengths [42]. The stress-strain behaviour is known for its non-linearity with load and a
hysteresis loop forms during cyclic loading, with permanent deformation on removal of applied
load. The uniaxial unconfined compression stress-strain relationships in polycrystalline graphite
have been widely studied in the past. Seldin [42] and Jenkins [43, 44] showed a non-linear stress-

strain curves similar to those shown in the Figure 2.7
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2.8 AT]J graphite specimen stressed in compression (adapted from Seldin’s [42])

In uniaxial compression, the loading curve is convex upward while the unloading curve is always

concave downward with permanent sets formed at zero stress. The permanent set increases
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when the previous maximum loading stress increases. Greenstreet et al. [1] also investigated size
effects and stress gradient upon the graphite material behaviour under flexural and uniaxial tests.
The size effects (volume and cross sectional area) were reported to be small or non-existent
within the size range investigated. Jenkins [45] relates graphite microstructural aspect to bulk
material behaviour by deducing a mechanical analogy for use in predicting stress-strain behaviour
in tension and compression. Elastic restraintt from the carbon network controls the extent of
plastic deformation experienced by the grain. The higher the stress, the less the restraint of this
network and more grains deform plastically. This carbon network allows non-linear deformation

even at very low strain. According to Jenkin’s model, the initial loading is described by

¢ = Ao + Bo? 2.1
Where,

e = total strain
A = Elastic compliance,
o = Stress,

B = Material constant that characterises the plastic deformation.

The first part of the Equation 2.1 represents the elastic strain and the second part represents the
plastic strain. This general parabolic law fits the stress-strain curve fairly accurately at low stress
and strain rate [45]. At high stresses, Jenkin’s model deviates from the actual behaviour, probably

due to a reduction in apparent modulus, caused by an increased in microcrack density.

The properties of the polycrystalline materials are affected by porosity since 10-20 % of the total
volume is occupied by pores. There have been attempts to model the porous solid by relating
their bulk modulus to volume fraction of porosity. Spriggs [46] and Hasselman-Hashin [47, 48]
investigated the relationship between elastic Young’s modulus, E£ and porosity, P. The following

expressions were obtained respectively
E = Ege™“P 22
K = Ko((1 = P)/(1=bP)) &

Where K, and E are the moduli of non-porous solid at a given stress (i.e. P = 0), b and c are the
empirical constants. Equation 2.3 was obtained for porous materials by Hasselman [47] from the
approximate expressions for bulk modulus (K) of heterogenous media derived by Hashin [48].
Hashin’s treatment is for closed pores while Spriggs equation is for total porosity in a volume of

solid. Boey and Bacon [49] assumed that K for coated (Jacketed specimen) and uncoated
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(unjacketed specimen) graphite is determined by the closed and total porosity respectively.
According to Boey, the two equations above can only be applied to graphite, if it was further
assumed that the empirical form of Equation 2.2 may be applicable to K, that Equation 2.3
applies to anisotropic solids and that the constants 4 and ¢ do not depend on the nature of the

porosity.

Brocklehurst et al. [50] investigated the effect of radiolytic oxidation on the properties of PGA
and isotropic reactor graphites for weight loss up to 35%. It was concluded that properties such
as thermal conductivity, Young’s modulus and strength were reported to decrease with weight

loss associated with increasing porosity (formation of microcracks).

Jenkins [51], Slagle [52], Oku and Eto [53] studied the formation or growth of cracks (increase in
porosity) in nuclear graphite during loading (bending, compression) and it was concluded that
there was an evidence for a buildup in crack density as original crack stabilized at pores and new
ones formed. Oku and Eto [53] suggested that crack growth becomes more evident around 60 %
of the compressive failure stress. It was also reported that the effect of pre-stressing shown a
decrease in Young’s modulus. The closer the stress approaches a critical value, the greater the
probability of localised crack formed, hence the greater the decrease in Young’s modulus. Hall
[11] noted that the fall in Young’s modulus value at low pre stress level is due to an increase in

dislocation density which would recover completely following thermal annealing treatment.

2.5 Hydrostatic deformation investigation

Since the aim of this work is to develop an investigation of graphite response to hydrostatic
loading, previous work by Paterson and Edmond [54], Boey and Bacon [49], Kmetko et al. [55]
and Yoda [56] were investigated to other to establish the facts and assumption about graphite

microstructural changes and there relevance to the authors research.

2.5.1 Paterson and Edmond’s work

Paterson and Edmond [54] studied large uniaxially symmetric deformation of porous
polycrystalline graphite (electrographite grade EY9) at high pressure. The specimen is enclosed
during the test in a dilatometer which fits inside pressure vessel and permits simultaneous
determination of volume change and stress/strain characteristics. This genius method is the
pioneer of its kind. High hydrostatic pressure applied prior to differential stress suppressed
deformation by growth of dilatant and microcracks. According to Paterson and Edmond, the

large deformation might help in understanding the mechanisms of deformation of graphite. High
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pressure experiments showed that the compression stress-strain curve of a polycrystalline
graphite depended upon the applied confining pressure (1-8 kbar) [54]. In the work of Paterson
and Edmond, volume changes occur during deformation as well as during application of
pressure. There is almost complete recovery of length and volume during the release of pressure

after 20% strain.
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Figure 2.9 Total history of volume change during multiple high hydrostatic pressure cycling (Paterson and
Edmond [54]). The elastic line represents the behaviour expected from single crystal compressibility
modulus. The high pressure deformation apparatus used consists of a pressure vessel containing a fluid
medium into which piston was introduced to apply a superimposed axial load to the specimen
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Figure 2.10 A) Compression stress-strain curves and B) Volume change during deformation at confining
pressures from 1 — 8kb. The scatter represents the error bar

In the Figure 2.9, the volume of the graphite changes at various pressures. Each stage of the

volume change was described as follows.
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Volume decrease as confining pressure increases.

X/
°e

During the 20 % straining, volume decreases further at fixed confining pressure.

A X4

Slight increase in volume on removing the differential stress (same confining pressure) as

shown in Figure 2.10B.

X/
°e

Large increase in volume during release of confining pressure, this recovers almost the

initial volume, mainly below 0.5 kb

Above 1 kb, there is also length recovery, final length of the specimen is 1-2 % shorter than

initial length. Paterson concluded that
% The stress strain curves (shown in Figure 2.10A) show strong dependence on pressure.

% Assumes that the deformation is due to sliding of granular particles against the resistance
of macroscopic friction.

% When the high pressure is released the internal stresses ate relived resulting in high strain
recovery.

*¢ The deformation may also accompanied by ‘flexure of platelets’ which could also
introduces the internal stresses responsible for recovery effects.

* Opening of new cracks and pores during pressure release may also contribute to the

recovery effects, including giving rise to additional volume recovery

2.5.2 Boey and Bacon work

According to Boey and Bacon [49], polycrystalline nuclear graphite density is less than that due
to graphite crystals alone due to the presence of porosity which has implications for the bulk
compressibility. The work of Boey and Bacon [49] was to investigate on unirradiated and
irradiated deformation behaviour of several graphites under a gas pressure up to 4.14 MPa (600
psi) and the effect of increasing the closed porosity on hydrostatic deformation of graphite.

Boey and Bacon [49] hydrostatically deformed various uncoated and coated virgin Gilsocarbon,
PGA moderator graphites and pitchcoke (fuel sleeve graphite). The results are shown in Figures
2.11 and 2.12, (the symbol (I) represents a sample cut in the longitudinal direction while (c)
represents samples cut in the circumferential direction). Both virgin coated and uncoated
graphite samples exhibit linear pressure strain relationship. There was reduction in strain in the
uncoated specimen for a comparable pressure compare to coated sample, Boey and Bacon

concluded that the coated specimens are stiffer that uncoated specimens [49].
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Figure 2.11 Pressure versus strain for uncoated specimens of virgin graphite (adapted from Boey and
Bacon [49])
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Figure 2.12 Pressure versus strain for coated specimens of virgin graphite (adapted from Boey and Bacon

[49D)
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The result for the hydrostatic deformation of uncoated irradiated fuel sleeve graphite is shown in
the Figure 2.13. These irradiated uncoated specimens exhibit a non-linear pressure/strain

relationship and large hysteresis looping behaviour is exhibited.
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Figure 2.13 Pressure versus strain for uncoated specimens of graphite irradiated to a neutron dose of 7, 11,
and 17x10®n/cm? in circumferential (c) and longitudinal strain (1) directions (adapted from Boey and
Bacon [49]).

It was noted that the circumferential loops were generally larger than those observed in the
longitudinal direction, but in Graphite irradiated to neutron dose 11x1020n/cm2, the
longitudinal strains was slightly larger due to the fact that the specimens were machined in the

circumferential from the sleeve material.

In the irradiated samples there is a reduction in strain for a comparable pressure compared to

unirradiated samples, implying that the irradiated graphite is stiffer than unirradiated graphite.
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Table 2.3 Summary of Boey and Bacon results [49]; unirradiated graphite samples and Sleeve C
(Irradiated sample)

Graphite K K Close- Open- Uniaxial Poission K=
sample | (Uncoated) | (Coated) pore pore test ratio (V) |E/ 3(1-2v)
GPa GPa volume volume E (GPa)
fraction fraction
Gilso A 10.7 6.1 0.09 0.11 7.9 0.17 4.0
Gilso B 10.0 7.3 0.10 0.09 7.9 0.13 3.6
Sleeve C 9.3 6.2 0.09 0.09 12.3* 0.15* -
PGAD 7.3 2.5 0.04 0.22 7.8® 0.12* -
Sleeve C 14.0 7.8 0.11 0.09 - - -
{irrad)

(*denote longitudinal loading)

A summary of Boey and Bacon [49] values for Young’s modulus E and Poisson’s ratio v
obtained from static uniaxial tests are given in the Table 2.3. There is considerable variation in
bulk modulus K between graphites. The value for sealed graphite is reduced significantly. The
bulk modulus (K) for irradiated sample is higher than for the virgin samples as shown in the
Table 2.3. Boey and Bacon suggested that the elastic changes were due to the changes that took
place in the graphite microstructure, which contains spectrum of pores inherited in the raw

material or arise from the graphite manufacturing process. Boey and Bacon concluded that

% Kis reduced when graphite sample is sealed.

% Under uniaxial loads, all pores can assist in accommodating normal and shear

deformation thereby contribute to E and v, which correspondingly reduced.

* Under fluid pressure, deformation in open porosity is restricted because of its
accessibility to fluid, closed micropores shrink, K decreases.

% Microcracks present in the grains reduce the restraint on plastic deformation that
crystallites experience due to their neighbours while macropores within the binder phase

can accommodate the shear deformation of individual particles.

2.5.3 Study of Kmetko et al. [55]
Kmetko et al. [55] studied the hydrostatic compression of synthetic polycrystalline graphite
(AUC graphite) and the effect of pore structure accessibility. The sample was studied under two

conditions:
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% scaled in a 2-3 mm thick copper jacket to prevent confining fluid (pentane) penetration
into the graphite pores

¢ not jacketed, to allow fluid penetration.
The length change was measured with dilatometer located inside the pressure vessel, the result
from the two conditions are significantly different to each other as shown in the Figure 2.14. The
displacement observed in the jacketed sample is non-linear and has a larger magnitude compared
with the unjacketed sample. In the unjacketed sample, the compressive stress was applied to
individual crystallites comprising rigid cross-linked of solid. In the jacketed sample, the
hydrostatic stress was applied to the outside boundary of the graphite therefore the whole
microstructural (crystallite network including porosity) was compressed, leading to large strain of

jacketed sample as shown in the Figure 2.14.
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g 600 sample)
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0
0 0.05 0.1 0.15

Relative change in length

Figure 2.14 Displacement of AUC graphite along the extrusion direction during hydrostatic compression
(adapted from Kmetko el al. work [55])

Kmetko et al. concluded that:

% 'The difference in behaviour is attributed to the effect of porosity of the AUC graphite.
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% Graphite experienced slight deformation when unjacketed but grossly deformed when
jacketed and subjected to pressure.
* It was estimated that the total volume decrease of 30 % below 600 MPa suggested that

virtually all of the porosity has been closed.

X/
°e

The coefficient of thermal expansion (CTE) is estimated to be ~0.4 greater perpendicular

than parallel to its direction of extrusion [55, 57].

X/
°e

The compressibility of unjacketed graphite sample is 0.35 times that of the jacketed
materials in its densified state above ~600MPa. This value is approximately the fraction
of the volume CTE for AUC graphite to that of the single crystal which is in agreement
with the assumption that the structural sensitivities of thermal expansion to that of
compressibility are similar.

% Hydrostatic deformation changes polyctystalline graphite’s macroscopic dimensions in a

similar manner to the thermal contraction of the aggregate

2.5.4 Work from Yoda et al. 1984

The aim of the Yoda et al. [56] work was to understand the characteristics of ISO-20 and 1G-11
polycrystalline graphite under hydrostatic stress. These are fine-grained isotropic graphites
manufactured by Toyo Tanso limited. The samples were hydrostatically loaded in a piston-
cylinder type pressure apparatus up to a maximum confining pressure (fluid medium) of 600
MPa. ISO-20 was subjected to 2 cycles while IG-11 was subjected to 3 cycles, and the change in
observed axial elongation as the pressure increases are shown in the Figure 2.15. During the first
cycles the total deformations at the unloading and reloading points increased with increased cycle

number, indicating that there was a slight increase in the apparent density during cycling.

ISO-20 seems to be stiffer than IG-11, Yoda et al. suggested that this behaviour might be due to
the high density and unconfined compressive strength (1.90 g/cm’, 140 MPa respectively) of
ISO-20 compared to that of IG-11(1.75 g/cm’, 80MPa respectively).

The relationship between the axial strain and volumetric strain for large strain deformation of an
isotropic solid was considered. The large strain (€) is ~ 0.05, the quadratic elongation (4) could
be written as (1+ 8)2 or (8)2 . The volumetric strain was calculated as 0.156 using the quadratic
elongation equations. For small strains (where € « €) the volumetric strain is calculated as 0.15

by adding €, &, and &3. The difference between the two calculated volumetric strains is small

(0.006).
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Figure 2.15 Hydrostatic pressure versus observed strain curves showing deformation behaviour of IG-11
and ISO-20 (adapted from previous work [56])

Yoda et al. [56] concluded that
The concave shape of the curve at higher pressure would be identified by the shrinking

7
A X4

of pores in the graphites caused by the pressure [56].
At high pressure, the graphite is expected to behave as a hypothetical graphite without

R/
A X4

pores.

2.5.5 Basis of the author’s work
Although all the previous work suggested that closure and opening of cracks play a major role in

the non-linear and hysteresis loop behaviour of graphite under hydrostatic loading, none of the
previous work analyses the contribution of porosity sizes to the graphite behaviour. Even though
Boey and Bacon [49] analysed the total porosity change before and after deformation but the
effect of porosity sizes were unknown which made it difficult to understand which porosity size
scales (micopores or macropores) have the major effect on graphite behaviour under load. It is
considered by the author that the knowledge of pore size distribution will help to reveal the
dominant features in the graphite microstructure, whether the binder which has high

concentration of both micropores and macropores or the filler particles that have high
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concentrations of microcracks. Moreover the internal microstructural changes before and after
hydrostatic deformations were not examined by previous work. In the present study, highlights
regions of interest in the graphite micrograph before and after deformation are highlighted. The

effect of hydrostatic pressure on crystallites is also examined.

2.6 Effect of irradiation on elastic property changes in nuclear graphite

Carbon and graphite have been widely used as structural materials for the high temperature
environment (furnace, nuclear reactors and aerospace), due to their superior toughness at high
temperature. The elastic modulus and strength of nuclear graphite increase with temperature [12,
58], the elastic modulus shows maximum value at 1800 °C, while the tensile strength reaches
maximum around 2500 °C above [59]. Characterisation of the mechanical properties (i.e. elastic
moduli) of graphite is fundamental to determining the induced and applied stresses on the
graphite components in a reactor. Determining the resulting stress within and around the
graphite component from the exposure to a reactor environment is necessary to estimate the
ability of graphite to withstand the imposed loads and continued service conditions. Therefore it
is paramount to develop a database of the properties for a given graphite grades (i.e. PGA and

Gilsocarbon).

2.6.1 Fast neutron effect

Fast neutrons produced by the fission process in a reactor collide with the nuclei of carbon
atoms (primary atoms) in the graphite moderator and transfer energy to them. If the bonding
energy of the carbon atom in the lattice (= 5 ¢V = 500 KJ/mol) is less than the energy of
energetic neutron, primary atoms will be knocked out from the lattice and collide with another
atom causing further displacements and projectiles in a cascade effect through the crystal as

shown in Figure 2.16 [58].
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o Vacant lattice site

X Interstitial atom

Figure 2.16 Schematic of displacement cascade in graphite crystal (adapted from [20, 58])

The initial collision between a carbon atom and a neutron produces a large number of
displacements in the form of either interstitial carbon atoms and/or vacant lattice defects.
Interstitial defects may form when an atom occupies a position between normal lattice positions,
and vacancy defects occur where atoms have been removed from its lattice position. Previous

works [5, 60] have proposed damage mechanisms of neutron irradiation in graphite crystals.

It was suggested [5] that the vacant lattice sites can be considered to be stable while the
interstitial atoms move in between the basal planes. Violent thermodynamically stable
concentration of thermal produced defect, it was previously proposed that large numbers of the
mobile interstitial atoms might recombine with the vacant lattice sites (annihilation) [5] while
some of them combine with one another to form small interstitial groups or clusters with a
stable size of 4 * 2 atoms. The interstitial groups may collapse under further neutron irradiation.
The size and number of these interstitial groups that can be formed is a function of temperature,
speed of transport through the graphite crystal and time. As the temperature is increased, the
groups can potentially form bigger clusters and the group quantity is reduced. Moreover it was
suggested that vacancies can be filled without interstitial annihilation resulting in increased lattice
strain [58]. This lattice strain damage mechanism causes significant structural (i.e. dimensional
changes) and property changes (i.e. elastic moduli) to graphite [61]. These damage mechanism
above is postulated to cause crystal growth perpendicular to the basal plane (c-axis direction)
whereas shrinkage parallel to the layer planes (a-axis direction) is said to be due to vacancy
formation, Poisson’s ratio effect and c-axis expansion [39, 60, 62]. Since the polycrystalline

graphite consists of random orientations of filler particles and crystallite cracks and porosity,
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polycrystalline graphite dimensional changes are governed by the irradiation - induced changes in

the crystallites and interaction of porosity with the crystallites [61].

In polycrystalline graphite, there is initial expansion in the crystallographic ¢ direction due to
interstitial defect formation and shrinkage in the #- direction due to coalescence of vacancies,
hence graphite net volume shrinkage is observed [61]. During neutron irradiation, the cracks and
pores start to close up in order to accommodate crystal expansion in the caxis. These physical
changes are postulated to result in higher elastic modulus and strength of the material [61]. The
Young’s modulus of irradiated graphite may be increased by three times its value before neutron
irradiation as shown in Figure 2.17. Accumulation of new pores at high dose is thought to reduce
the strength and modulus [61]. In Figure 2.17, increasing the temperature to 600 °C increases the
rates of the second increase and of the decrease, but the maximum Young’s modulus reduces
slightly. It was also noted that the dose at which the Young’s modulus decreases also reduces
with increasing temperature [34]. Graphite strains by localized slipping of the basal plane. At
lower dose, the pinning of dislocations suppresses anelastic behaviour causes an increase in
Young’s modulus. This is otherwise known as irradiation stiffness. The effect on Young’s
modulus is known as “pinning”. Further increase in Young’s modulus after irradiation stiffness
due to pinning is attributed to structural tightening due to crystal swelling or crystalline
deformations. This behaviour is referred to as a structural effect. Eventually, the DYM falls with
further increase in dose due to generation of cracks within the microstructure associated with

weight loss caused by radiolytic oxidation

Other work [5, 6, 60] on irradiation behaviour of nuclear graphite concluded that volumetric
changes were similar to the changes mentioned above (initial densification followed by a rapid
expansion). As the neutron flux increase, this densification increases until all the pores were
exhausted and the c-axis expansion of the crystallites was able to be transmitted to the bulk
material. This signified the beginning of the expansion phase where a large porosity formed
between the filler particles at high doses and accounted for the large volume expansion of the

graphite.
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Figure 2.17 The effect of fast neutrons on the Gilsocarbon Young’s modulus (adapted from [34])
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Figure 2.18 The effect of thermal cycling (between ambient temperature and 1100°C) on the DYM of
Gilsocarbon (transfers direction). The solid line represents heating while broken line represents cooling
(adapted from [63])
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A well known characteristic of polycrystalline graphite is that the elastic modulus rises with an
increase in temperature, for temperatures well above room temperature (i.e. 250-300 °C) [64]. As
the temperature increases further (>~250 “C), the modulus increases up to 10 %. This might be
associated with tightening of the graphite structure and closure of porosity. Thermal cycling
showed that after heating up to 1100 °C and cooling to ambient temperature, the modulus

decreased slightly by 1 %.

The changes in Figures 2.17 and 2.18 have been related with mechanisms such as crystallite
swelling, formation and closure of porosity, pinning (pinned dislocations in the basal planes) in

the case of irradiation and tightening of the graphite structure [20].

2.6.2 Ogxidation effects

Several studies have been made of the relationship between the graphite pore structure and their
oxidation characteristics [34, 50, 65-67]. In graphite moderated reactor cooled by carbondioxide
(CO,), some degree of graphite oxidation will occur. The gas contained in the open pores of the
graphite material absorbs radiation energy (gamma radiation), causing CO, to breakdown into
active species (CO,*) which attack the graphite material (pore surface) as shown in the Equation
2.4. This process is called radiolytic oxidation. It adversely affects the physical properties of
graphite and results in the enlargement of existing pores. The knocked-out carbon atoms in
graphite leave vacancies, which can then be enlarged by reacting with the carbon atoms in the
gaseous phase. According to previous work [50, 65] the most noticeable effect of oxidation on
graphite microstructure is the enlargement of the pores caused by reaction of carbon atoms of

the solid material with the oxygen molecules of the gas phase.

C0, + Radiation = CO; + C(graphite) — 2CO 249

The density of oxidized graphite is altered by enlargement of existing pores, new pores
generation, and development of micro failure. Radiolytic oxidation occurs uniformly throughout
the specimen and this removal of materials from the internal surfaces affect the physical

properties of the graphite [50].

Radiolytic corrosion can be controlled by the addition of methane inhibitor to the CO, coolant.
Methane protects graphite by forming a carbonaceous film on the surface of the pore, corrosion
becomes increasingly inhibited to low surface area pores. In the recent AGRs, the use of

improved near-isotropic Gilsocarbon as the moderator readily controlled the corrosion to an

31



acceptably low rate, due to low open porosity volume (~0.10 cm’/cm’) compared with PGA in

the Magnox station which has higher open pore volume (~0.21 cm’/ecm’) [50].

Kelly et al. [6, 68] report on thermal annealing of irradiated graphite shows that it is possible to
remove the effect of the small interstitial and vacancy groups to the extent that Young’s modulus
is covered to the unirradiated (original) value. However the annealing does not return graphite
microstructure to its original state but changes the configuration of the defects (interstitial,
vacancy etc.) so that they no longer influence the physical properties of Young’s modulus. Kelly
et al. [69] reported the mechanical property (Young’s modulus) changes for irradiated
Gilsocarbon after neutron irradiation damage annealing by heat treatment. Spriggs’ [46] and
Knudsen’s [14, 70] equations were expressed in term of changes in Young’s modulus E, and it
was reported as follows
E = Ege 36 2.5)

Modulus of non-porous solid is represented with Ejy, the effect of radiolytic oxidation on nuclear
graphite was simulated by Brocklehurst and Adams [12], this was achieved by drilling different
arrangement of holes in the graphite samples. These samples were tested to determine their
mechanical properties for weight losses ranging from 0 to 50%. The effect of increasing

simulated oxidation on Young’s modulus was reported as:

E = Eoe—2.7x (2.6)

The changes in the Young’s modulus were lower in the drilled specimen than the Young’s
modulus of real radiolytic oxidised graphite by a factor of 1.3 [12, 13]. The difference between
these two Equations (2.5 and 2.6) is shown in Figure 2.19
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Figure 2.19 Change in Young’s modulus associated with weight loss (adapted from [12, 13])

The complex physical and mechanical properties changes seen in neutron induced radiolytic
oxidised graphite are not fully understood. Since the mechanism of porosity closure and
formation and crystal growth have been associated with the irradiated graphite property change,
these mechanistic behaviours of irradiated graphite can be simulated by deforming virgin
graphite hydrostatically using a high pressure rig. Studying the changes in virgin graphite
microstructure as a result of different loading modes might help to gain an understanding of

complex physical and mechanical properties of irradiated graphite.

2.7 Deformation of graphite under high hydrostatic pressure

According to Seldon [42], the effect of externally applied stresses within the crystallites can lead
to a combination of elastic deformation, irreversible shear and plastic deformation, internal stress

relief and local stresses which can produce microcracks. The elastic and plastic deformation
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effects are used to describe the stress against strain behaviour of graphite while the other effects

mentioned are used to describe the stress against strain curve in different directions.

The hydrostatic deformation behaviour of nuclear graphite is in a way different to uniaxial
compression. Both open and closed pores presences in graphite microstructure have different
effects on the way the graphite deforms under different modes of loading (i.e. uniaxial and
hydrostatic loading). In order to understand the effect of these loadings on the graphite
microstructural changes, it is necessary to understand the microstructures of the polycrystalline
aggregate consisting of a few particles as shown in Figure 2.20 (graphite microstructure optical

image) and schematically in Figure 2.21.
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Figure 2.20 Optical image of PGA graphite

During baking, the coke particles support each other until the binder is solidified (filler particles
are supported by binder matix); therefore the particles are always in close contact with each
other, linked by bridges of coke binder. The shrinking binder does not provide a high density
shell around each particle, hence the binder layer is full of microcracks perpendicular to the

surface of the particles.

Macropores appear in between the particles and also spread throughout the binder phase. The

crystallites within the coke are all nearly parallel. They are microcracks formed within the
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crystallites due to differential thermal contraction and disorientation of these crystallites. It can

be concluded that the coke grains are full of pores and cracks.

crystallites

microcracks parallel to the basal plane

macropore in the binder phase

binder laver
microcracks in the binder laver

coke particles

Figure 2.21 Typical detailed microstructure of graphite (adapted from [71])

Under uniaxial loading both open and closed porosity behave in the same manner, the porosity
provide space for accommodating shear deformation of the coke particles, contributing to the
overall deformation of the porous aggregate [42, 49]. The strain observed during uniaxial
deformation should be higher than the strain observed during hydrostatic deformation due to

the presence of major shearing of the coke particles into the open porosity.

Under hydrostatic loading of graphite, porosity allows crystallites to deform by shear motion of
the layer planes, producing shear stresses which can induce plastic flow [49]. Individual particles
are suspected to be accessible by pressure fluid, due to the existence of open pores in the binder
phase as well as several cracks in the binder layer surrounding the coke particles. During
compression, the coke particles compressed and shear also occurs at the same time. The
confining pressure compressed the grains into each other resulting to dilatation of individual
patticles/grains. This is demonstrated in the Figure 2.22 by the same particles shown

schematically in Figure 2.21.
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I pressure

Figure 2.22 Schematic diagram of applied hydrostatic pressure

In polycrystalline graphites, the population of the mobile plane dislocations is greater than in the
single crystals due to large population of twin and tilt boundaries between and within crystallites
[72]. According to Boey and Bacon [49], the shear deformation of the coke particles into the
surrounding pores is responsible for the apparent low value of Poisson’s ratio for the
polycrystalline materials. The closed pores between the particles can contribute to the hydrostatic

deformation of the graphite by accommodating the internal strains in the particle.

2.8 Using theoretical models to estimate effective medium moduli

Effective medium theories have been developed in the previous work [73-77] to estimate the
effective medium moduli of polycrystalline solids (i.e. rock, graphite etc.) in terms of the
properties of various constituent minerals and pore fluids. To achieve this, the following must
me incorporated

+* The individual elastic moduli of the constituents

% The volume fractions of the constituents

% Geometric details of how the constituents are arranged
Since the geometric details of the constituents of a polycrystalline solid are quite challenging to
measure, boundary methods have been adapted to estimate the effective moduli of the
polycrystalline solid by estimating the upper and lower bounds on the moduli. The bounds
models are one of the types of theoretical models that are relatively free of assumptions about
the material microstructure and give rigorous upper and lower limits on the moduli, given the

composition. The theoretical models used in this work are Voigt-Reuss-Hill bounds (VRH),
Hashin-Shtrikman bounds (HS), and Kuster and Toksoz models (KT).

36



2.8.1 Voigt-Reuss-Hill bounds (VRH)

The Voigt and Reuss averages are interpreted as the ratio of average stress and average strain
within composites [74]. The upper bound (Voigt) and lower bound (Reuss) are found assuming
that there are uniformity in strain and stress respectively throughout the whole composite. The

Voigt upper bound and Reuss lower bound of the effective elastic, modulus, My, of N phases are

N
My = Zfl M; = (1 - Q))Ks + OKyir 2.7
i=1
N
fi a-90) 0
R =1 Mi Ks Kair

Where £ is the volume fraction of the ith phase,

M, is the elastic modulus of the ith phase and

M, and M, are the effective elastic modulus of Voigt and Reuss bounds respectively

@ represents fraction

K and K, are the bulk modulus of solid and air (void)

The Voigt-Reuss-Hill average is the average of Voigt upper bound and the Reuss lower bound as

shown in Equation 2.9
M, + My
2

Mygry = 2.9)

This method assumes that each constituent is isotropic, linear, and elastic. It is commonly used

in estimating rock elastic properties.

2.8.2 Hashin-Shtrikman bounds

The Voigt-Reuss bounds are wider than Hashin-Shtrikman (HS) bounds. This bound is the
narrowest possible bound on moduli that can be estimated for an isotropic material, knowing the
volume fractions of the constituents. When there are only two constituents, the bounds are

written as;

f2
KHSE = Ky + = (2.10)

(K, —K)™ + fi (Kl + %Hl)
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Where K, and K, are the bulk moduli of individual phases; 4, and U, are the shear moduli of
individual phases; and f; and f, are the volume fractions of individual phases. The upper (HS+)
and lower (HS-) bounds are computed by interchanging which material is termed 1 and which is
termed 2. When the stiffest material is termed 1, the expressions yield the upper bound and the
lower bound when the softest material is termed 1. Like the VRH model, this method also

assumes that each consistent is isotropic, linear, and elastic. It is used in estimating rock elastic

properties.
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Figure 2.23 Bulk modulus curves for Calcite rock with water using effective medium theories (adapted
from[78])

Distance between upper and lower bounds depends on difference between the end member
constituents. Bulk moduli of Calcite and water are 7 GPa and 2.2 GPa respectively as shown in
the Figure 2.23, the mixture of Calcite and water gives widely spaced bounds. The HS- and

Reuss bounds are identical. The Voigt bound is more stiff than other bounds.
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2.8.3 Kuster and Toksoz models (KT)

Kuster and Toksoz [73] derived expressions for P- and S-wave velocities by using a long-
wavelength first-order scattering theory. Their formulation can be used to calculate effective
moduli for randomly distributed inclusions [73, 77]. A generalization of the expressions for the

effective bulk moduli and shear moduli can be written as

4
Kn+5Uu
M ZX(K K, )P™  (212)

(Kkr — Km)
. " (KIzT 3.um) i=1

N
(Um + $m) :
(ier = tm) TPl = ) X (= ) Q™ 19
K0T H) G+ Q) LT
=E(M) @.14)
6\ K + 2

Where the Kgr, Ugr ate the effective bulk and shear moduli respectively for a variety of
inclusion shapes. The coefficients P™ and Q™ describe the effect of an inclusion of material, 7
in a background medium, », while X; is the volume concentration of the inclusion, { is the
fraction of effective bulk and shear moduli. Inclusion shapes include spheres, needles, disks and
penny cracks.

According to previous work [74], for spherical inclusions, the KT expression for bulk modulus
are identical to the HS upper bound, even though the KT expressions are formally limited to low
porosity. KT formulation assume

% isotropic, linear, and elastic media;

¢ limitation due to dilute concentrations of the inclusions; and

% idealized ellipsoidal inclusion shapes.

Since Gilsocarbon is near-isotropic graphite, it was suggested that these theoretical models
(VRH, HS+, HS-, and KT) can be used to validate the experimental results (behaviour of
Gilsocarbon under hydrostatic pressure) by comparing the effect of porosity on effective bulk
moduli. The comparison between experimental curves and the theoretical models is discussed

turther in Chapter 5.
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2.9 Conclusion

The deformation behaviour of polycrystalline graphite differs from that of a single crystal on a
macroscopic scale due to the existence of pores and cracks in the graphite microstructure, which

effectively reduce the load carrying area of the porous material.

The effect of non-hyhydrostatic deformation on the mechanical and physical properties of
polycrystalline graphite materials has been widely studied in past work [42, 53, 79, 80]. According
to Seldin [42], the experimental study of uniaxial stress-strain relationships is non-linear in both
tension and compression. Under uniaxial loading, polycrystalline graphite deviates from Hooke’s
law, cyclic loading results in hysteresis loops and residual strain even at smaller applied stresses
[53, 79]. A more detailed study of the effect of triaxial stress on Young’s modulus of graphite has
also been studied by Yoda el al. [56, 81], but little effort has been directed to the understanding

of the microstructural changes of graphite during hydrostatic loading,.

The hydrostatic deformation behaviour of graphite microstructure (both unirradiated and
irradiated) under gas pressure up to 4.14 MPa was investigated Boey and Bacon [49]. Large
hysteresis loop, non-linear pressure strain relationship and reduction in strain were observed in
irradiated graphite compared to unirradiated graphite [49]. Brocklehurst and Kelly [82] studied
the uniaxial dimensional change in graphite under fast neutron irradiation and he suggested that
the decrease in the residual strain of irradiated specimen might be primarily due to the decrease

in the amount of basal slip in the deformation process within the specimen after irradiation.

The effect of closed porosity on hydrostatic deformation of graphite was investigated by Boey
and Bacon [49], who observed reduction in bulk modulus of graphite under fluid pressure, due
to restriction in open porosity deformation resulting to shrinkage in closed micropores. Boey and
Bacon [49] worked at a lower pressure compared with the pressure used in this work. Paterson
and Edmond [54] and Yoda et al. [56, 81] studied the deformation of graphite at high pressure,
and it was suggested that the compression stress-strain curve of polycrystalline graphite depends
on confining pressure between 100- 600 MPa. There is a large volume recovery during the
release of confining pressure. Samples recover almost their initial volume below 50 MPa [54].
Paterson and Edmond [54] suggested that the deformation is due to sliding of granular particles
against the resistance of microscopic friction, deformation may also accompanied by flexure of
platelets which could also introduces the internal stresses responsible for recovery effects [54].

But there was not enough evidence to support these suggestions by Paterson and Edmond [54].
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The hydrostatic deformation of nuclear graphite is caused by the crystallite and their interaction
with each other and with the microporosity present in the particle. The presence of micropores
in the coke particles has the effect of reducing the restraint on the plastic flow on one crystallite
which might be exerted by neighboring crystallites of different orientation. The presence of the
macropores in the binder phase provides free surface to accommodate the deformation of

individual coke particles

The effect of irradiation on nuclear graphite has been associated with mechanisms such as
crystallite swelling, formation and closure of porosity, pinning and tightening of the graphite
crystallite. Similar effects have been noticed in the previous work on hydrostatic deformation of
graphite, but the relationship between the graphite elastic properties changes due to hydrostatic

deformation and study of the irradiated effects has not been compared in the past.
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CHAPTER 3
3 Materials and Methods

All experimental work described herein was completed in the Experimental Rock Deformation
Laboratory in the school of Earth, Atmosphere and Environmental Sciences of the University of
Manchester. This chapter describes the materials, experimental equipment and methods used in
this work. The pressure vessels such as large capacity room temperature rig (big rig) and seismic
velocity rig were used to perform high pressure tests on nuclear graphite, and all strains (axial,
circumferential and volumetric) were measured using post yield strain gauges. Hydrostatic tests
and axial deformation tests were conducted using the big rig while the hydrostatic and ultrasonic

measurements were conducted in the seismic velocity rig.

3.1 Materials

The Pile Grade A (PGA) and Gilsocarbon nuclear graphites were used in this work. The
Gilsocarbon specimens were isotropic in nature and were designated A2, E1-E4 and I1-111
while the PGA specimens were anisotropic in nature and were designated B2, B4, F1-F7 and J1-
J25 as shown in the Table 3.4. The experiments performed with each sample and their elastic
property changes before and after deformation will be discussed further in the Chapter 4. The

properties of these nuclear graphites are shown in Table 3.1

Table 3.1 Properties of PGA and Gilsocarbon nuclear graphites as reported by [83, 84]

. Forming Grain or cell | Density
Graphite Manufacturer Coke type process size (g/cm’)
Anglo- Great Petroleum
PGA Lakes Limited cok§ graphlte Extrusion 1 mm (Max.) 1.74
anisotropic
Manufactured
by BAEL, Gilsonite
. UCAR coke graphite Moulding 0.5-1 mm 1.8
Gilsocarbon (formerly Near (Max.)
BAEL), and Isotropic
AGL.

When polycrystalline graphite is manufactured either by extrusion, moulding or iso-moulding
there is always some degree of preferred orientation. PGA Graphite, as an extruded material
based on “needle” shaped coke, displays substantial anisotropy along the grain/extrusion
direction (“with grain” or WG) compared to across that orientation (“against grain” or AG) [20,

85]. The WG and AG definitions of direction are commonly used in the nuclear graphite
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community to define the anisotropy of properties such as strength and stiffness. Apart from the
inherent anisotropy of graphite, grain sizes, porosity distributions have an effect. These features
can contribute considerably to the apparent differences in the material properties measured in
different directions [85]. Both extruded and moulded polycrystalline graphites are transversely
isotropic. The preferred orientation of the crystals in each figure with a sketch (0001) pole figure

is shown in the Figure 3.1

Z

Figure 3.1 Schematics showing poles to the basal plane in extruded graphite a) in which the preferentially
alignment of the grains is parallel to the extrusion direction X, b) in which the preferentially alignment of
the grains is parallel to the extrusion direction X, ¢) Moulded Gilsocarbon, with no preferred orientation

PGA graphite brick were produced by an extrusion process, which tends to align the needle-like
crystallites with their basal planes parallel to the extrusion direction. PGA specimens were
machined from PGA graphite brick in the form of preferred orientated cylindrical shape (AG
and WG), this is illustrated in Figure 3.2. Gilsocarbon samples were machined randomly from
the Gilsocarbon brick, because the author assumed there is less significant degree of orientation

in a particular direction due to moulding forming process.
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Figure 3.2 Schematic of the orientation of specimens taken from the PGA graphite brick

The directional dependence is a result of the geometry of the filler particles used and the
manufacturing process. All graphites have been developed with anisotropic or near isotropic
material properties [20, 29, 30, 86]. Both PGA and Gilsocarbon have a maximum grain size of

(~1 mm) as shown in Table 3.1

3.2 X- ray Techniques

In order to predict microstructural damage of the graphite grades (PGA and Gilsocarbon), it is

necessary fully to understand the microstructure and the effect of high pressure on the

microstructure of graphite. Two different X-ray techniques have been used technique to probe

the microstructure of the samples

% X- ray Tomography was focused on obtaining high resolution micrograph slices of the
porosity structure of both graphites. Post-processing of these data was performed using
the Avizo® (3D visualization software).

% The graphite texture and bulk crystallinity was characterized using X-ray texture
goniometry and X-ray diffraction (XRD).

The type and distribution of porosity contained in graphite microstructures was characterised

using X-ray tomography (a non- destructive technique) and analysed using Matlab and Aviso®.

Using this technique the average pore size before and after deformation was measured to

ascertain if there were any pore size differences caused by the deformation. Lastly, the

microstructure was characterised by observing the graphite crystalline orientation, XRD texture

(pole figure, orientation distribution function) was analysed using the Matlab toolbox for

quantitative texture analysis called Mtex [87].

3.21 X-ray tomography
X- ray tomography equipment is similar to that of medical CT (medical computed tomography).
It is a technique used to obtain a 3D images and measurements of microstructural features inside

a specimen. X-ray tomography was used to characterise the pore microstructure of virgin PGA
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and Gilsocarbon nuclear graphites before and after loading. This is a non-destructive technique
for examining the three dimensional (3D) microstructure of a material. It is very sensitive to
composition and density [11]. Three-dimensional images can be obtained at different resolutions.
The graphite micrograph slices obtained from X-ray tomography have several black features
(region with no X-rays absorption) distributed through out the 3D image; these features are
graphite pores, while the grey features (region which diffract and absorb X-rays) are the graphite.
After image acquisition with x-ray tomography, Avizo© was used to reconstruct and analyse the
pore distribution and porosity volume in the graphite micrograph. Porosity was analysed in order

to quantify graphite microstructural changes before and after deformation.

The sample is illustrated with a divergent X-ray beam and the transmitted X-rays were recorded
by a charge-coupled device (CCD) at a number of angles of rotation of the specimen (usually
over a range of either 180° or 360°) about a central axis (Figure 3.3).

CCD
CAMERA

SAMPLE

X-RAY
SOURCE

Figure 3.3 Schematic of the X- ray micro- tomography device adapted from Hall et al. (1]

The integrated absorption coefficient (1) of a material is the ratio of transmitted to incident
photons is a function of the density and atomic number of the material [11, 88, 89]. A series of

two-dimensional images (projections of the volume) are obtained, from which it is possible to
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reconstruct a complete 3D image of the X-ray absorption. The quality of the image mainly

depends on the settings i.e. power and intensity of the beam.

Figure 3.4 X-ray micro- tomography system used (X-Tek HMS- 320kV)

The microstructures of PGA and Gilsocarbon were observed by using a X- Tek HMS- 320kV X-
ray tomography machine as shown in Figure 3.4. The experiment requires an X-ray source, a
rotating sample holder and a detector (Figure 3.4). Auto-conditioning at 70 kV and 110 pA was
performed to expel gas from X-ray tube that might have built up. The equipment X-ray beam
was filtered with copper (0.25 mm), this filtering process removes low energy radiation, and
reduces the beam hardening (beam hardening is when the outcoming beam contains a high
proportion of high-energy or hard X-rays) and to avoiding artifacts [90]. The scan settings are

shown in Table 3.2.

Table 3.2 X- ray Tomography scan settings

Voltage (kV) 55
Intensity (nA) 200
Time of exposure (fps) 1.4
Scan range (°) 0—180
Angle per step (°) 0.88
Scan duration (s) 2045
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The sample is rotated by motorised turntable while scanning. The typical resolution accessible by

this equipment is 11.3- 14.6 um per voxel

One thousand eight hundred radiographs of the sample were taken during each scan. The VG
studio package was used to reconstruct the volume of high-resolution images obtained. The
sample height used varied from 40 - 50.8 mm. Three-dimensional images of virgin PGA and
Gilsocarbon comprised 1900 x 1900 x 1800 voxels. A voxel is a volume element representing a
value in 3D space, and it can be coded in 8, 16 and 32 bits, but in this work it was coded in 8bits
with a grey scale of 0 - 256 (2° values). The high-resolution images obtained from this equipment

allow the characterisation of graphite microstructure such as porosity morphology.

3.2.2 X-ray texture goniometry

The preferential crystal orientation in the PGA and Gilsocarbon nuclear graphite prepared by
extrusion and moulding respectively were investigated. Young’s modulus of a polycrystalline
aggregate without porosity was calculated from the orientation distribution function (ODF). A
quantitative description of orientation characteristics gave a good interpretation of texture in a
given sample. The term ‘texture’ is a collective term for a non-uniform distribution of
crystallographic orientations in a polycrystalline aggregate or is a synonym for preferred
crystallographic orientation in the polycrystalline material [91]. Texture analysis is the
determination of the preferred orientation of the crystallites in polycrystalline aggregates. It is not
possible to measure directly the distribution of crystal orientations in a polycrystalline sample by
bulk diffraction techniques. Texture goniometry is only capable of determining the distribution
of crystal poles and further analysis is required to extract the orientation distribution from these

data. The preferred orientation is usually described in terms of pole figures [91, 92].

X- ray diffraction is a non-destructive analytical technique used for identification and qualitative
determination of the various crystalline forms or phases in a material. X-rays are generated by a
cathode ray tube, filtered to produce monochromatic radiation, collimated to concentrate, and
directed toward the graphite sample [25, 93]. The interaction of the incident rays with lattice
planes within the sample produces constructive interference and a diffracted ray when conditions

satisfy Bragg's law;

nd = 2dsing (CR))
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This law relates the wavelength (A) of electromagnetic radiation to the diffraction angle and the
lattice spacing (d ) of the lattice plane that is causing the diffraction, #» and 0 are integer and
incident angle [93]. These diffracted X-rays are then detected and counted. By changing the
geometry of the incident rays, all possible diffraction conditions for each grain were explored. In

this work, Phillips X’pert 1 goniometry was used to scan the graphite samples.

Table 3.3 XRD scan settings

Angles Phi (D) Psi ()
Scan range (°) 0 -360 0-85
Step size (°) 0.05 0.05
Time/step (s) 10 10
Scan duration (s) 72000 17000

Texture goniometry measures the intensity of the diffracted X-rays for a specific 26 (e.g. for a
specific lattice plane) over a whole range of sample orientations. The sample orientation is
usually expressed in terms of 2 Euler angles phi (@) and psi (§). This data is then density
controlled and represented on a stereographic projection of a hemisphere (often called pole

figures) here different points on the hemisphere represent different orientations of the sample.

A texture scan used, three peaks ([002], [100], and [110] planes) selected randomly amongst the
other peaks for texture measurement, the scan settings are shown in Table 3. A texture
measurement is also referred to as a pole figure. In Figure 3.5, considering the plane (4, &, /) in a
given crystallite in a sample, the direction of the plane normal is projected onto the sphere
around the crystallite. The point where the plane normal intersects the sphere is defined by two
angles, a pole distance (§ = 85°) and an azimuth (&= 360°). Occasionally @ and f are used to
represent the pole distance and azimuth angles respectively. The azimuth angle is measured
counter clockwise from the point E (East). The intensity of a given reflection (4, £, /) is
proportional to the number of A, 4, / planes in diffraction condition (Bragg’s law). Hence, the
pole figure gives the probability of finding a given crystal-plane-normal as function of the
specimen orientation. If the crystallites in the sample have a uniform distribution of orientations
recorded then intensity will be uniform [94]|. Assuming that the plane normal for the plane (h, k,
1) are projected from all the crystallites irradiated in the sample onto the sphere, each plane

normal intercepting the sphere represents a point (X) on the sphere.
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Figure 3.5 Schematic diagram of stereographic projection (sample orientation is usually expressed in terms
of 2 Euler angles phi (®) and psi (}))

3.2.3 Pole figure

A pole figure is a projection of directions on to a plane. It is described when intensity
distribution gained from the measurement of a lattice reflection with indices (4, &, /) where the
sample is rotated around two axes (angles ¢ and @) is drawn into a polar grid using contours
lines [91]. The diffracted intensity is proportional to the fraction of crystallites within the tested
volume oriented in a specific direction. Three angles are required to define the orientation of a
crystallite in relation to the sample axes, a set of Euler angles ( ¢4, @, ;) are commonly used for
the consecutive rotations around the z-axis, x-axis, and again z-axis [95]. The texture of a tested
sample can be also described completely by the orientation distribution function with the
otientation, g(@4, P, @,), this is described later in this chapter. A representation of the crystal
orientation with respect to a unique sample orientation is called an inverse pole figure. Any

sample orientation with respect to an external reference frame has its own inverse pole figure.

3.2.4 Intensity corrections and data reduction

A Complete pole figure cannot be measured by laboratory X-ray diffraction due to the strong
defocusing effect and diffraction geometry, therefore the obtained intensity need to be corrected.
Background corrections and defocusing measurements were performed, by removing the
background and correcting for the beam defocusing that occurs as the { angle increases. As a

result more accurate pole figures are produced [94]. Background intensity results from
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incoherent scattering and fluorescence in the sample, from interaction of the beam with air
molecules, and from electronic noise. Air scattering can be reduced by setting the incoming
beam collimator and a receiving collimator close to the sample or by measuring in a vacuum.
Background can also be reduced by choosing a small window for the pulse height analyser,
because most of the background x-ray photons have a different wavelength. In practise one
cannot eliminate the background, but the background intensity can be subtracted from the
measured intensity [91]. The background correction curve is best determined empirically on a
sample with similar composition but few diffraction peaks by placing the detector on a
background region removed from any Bragg peak. The first step in data correction is to subtract

the background from the intensity curve.

It ’3‘200 is measured background at @ = 0° then the background [, gg at a is

Ibg(stand)
bg _ ;bg ’‘«a 3.2
Iy” = Ia=0° bg(stand) (3-2)
a=0°

The ratio as shown in the Equation 3.3 is the empirically determined background correction

curve

Iél;g(stand)

r= (3.3)

Ibg(stand)
a=0°

The shape of the irradiated area depends on the collimating system and the orientation of the
sample surface relative to the incident x-ray beam. Since the x-rays penetrate the sample up to
about 100- 200um, the covered volume is larger and the true geometry is more complicated. The
spread in area and the resulting distortion of the reflected signal causes defocusing x-rays. X-ray
texture measurements usually record peak intensities rather than integrated intensities, the
intensity decrease with tilt is severe, and therefore it is necessary to correct the intensity.

An empirical defocusing correction curve can be measured on a sample of the same material or a
material with similar 20 peak positions and the same sample geometry but with no preferred
otientation. In this case, a Gilsocarbon sample was used for the defocusing scan to correct all the
other texture scans; because it was assumed that Gilsocarbon has no preferred orientation. The
correction depends on the alignment of the instrument, the shape and size of collimator and

receiving slit, and the diffraction angle 26. A cotrected intensity I5°"" is obtained from;
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Irand

corr _ a=0° 3.4
Ia - Ia Irand S
a

Where I4is the measured intensity from the texture sample, and I5%"%

is the intensity from the
random sample at the same value of «, all these intensities must be corrected for background.

The correction curves obtained from Gilsocarbon (uniform orientation sample) were used as
standard and applied to correct PGA samples. It was necessary to ascertain the uniformity of
texture of the standard by measuring a pole figure and applying empirical corrections. This
should produce a uniform distribution. The result from the standard sample is shown in chapter

4.

In this work, the pole figure was scanned from the center (¢ = 0%, out to about ¢ = 85’ using

Philips X’pert 1 goniometer (Figure 3.6).

=
b=

P . .
/o . _ ;
| — ‘ il

Figure 3.6 Philips X’pert 1 goniometer

£
f o

It allows automatic scanning of the pole figure on a true spiral by changing @ and ¢

simultaneously and continuously [96]. By collecting pole figure data for several (b £ /), the

51



complete orientation distribution function (ODF) of the material can be determined. This was
achieved using Mtex (Matlab toolbox) [97]. MTex is an open- source Matlab toolbox for texture
analysis and modelling [98]. It comprises functions to import, analyse and visualize diffraction

pole figure data, to estimate an ODF, and compute texture characteristics.

Defocusing scan
J’_
X-ray Laboratory mje File data mp MTex mPp ODF calculation wfp Final Pole Figures
Texture measurement (incomplete pole figures) calculation
+
Background scan

Figure 3.7 Texture analysis procedure (data regeneration)

The texture analysis procedure shown in the Figure 3.7 and it is summarised as follows

% The pole figure data including the background and defocussing data were collected for
the following lattice planes [002], [100], and [110], and were imported in the command
window of Matlab

% The graphite is Hexagonal with the following lattice spacings (a= 2.465 A, c= 6.753 A,
and angles; o« = 90, B = 90°, y = 120" and is in the 6/mm Laue group.

¢ The script (m-file) was generated and worked with in other to visualize and to represent

the pole figures.

3.2.5 Orientation Distribution Function (ODF)

Preferred orientation of the crystalline regions in polycrystalline samples may be investigated by
X-ray diffraction. The information concerning the preferred orientation of each Bragg plane
obtained can be examined [99]. These data may be summarised concisely by a series of pole
figure diagrams. A collection of pole figure diagrams for a sample implicitly contains general and
useful information called the distribution of orientations of the crystallographic unit cell.
Mathematical procedures have been developed for deducing this information in the form of
crystallite orientation distribution [95, 100-102]. Once the crystallite orientation distribution
function has been determined, it may be used to compute pole figures for unmeasured planes.
The crystallite Orientation Distribution Function (ODF) offers the most complete
representation which can be gained from a given set of pole figure data [95]. Bunge [95] and

Kocks et al. [91] defined ODF (f(g)) as

_dv(g)
flg) = Vg (3.5)
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The volume of all crystallites in a sample is denoted by dV, it contains an orientation g within an
orientation region dg, g may be specified in a numerous ways (i.e. Euler angles @1, @, ¢;). V is

the total sample volume. The volume fraction of orientations within a certain region X of

orientation space is then

av(g) _ Jaxf(g)dg
4 [+f(9)dg

Vi(g) = (3.6)

Where x denotes the entire orientation space and dx denotes the region around the texture
component of interest. In common practice, uniform density, f(g) is normally set to 1. This is
often called orientation density in multiples of a uniform distribution (m.u.d.). When the

otientations are represented by Euler angles, the infinitesimal volume element is
dg = dAd¢ (-7
dg = sin® dO d¥ d¢ 3-8
Where 0, is the pole distance and W is the Euler angle (azimuth in pole figure) and ¢ represent

the tilt angle in goniometer, dA is atea element, whose magnitude depends on declination, these

are shown in the Figure 3.8. The volume of element is corrected by sin@.
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Figure 3.8 Symmetric definition of Euler angles as spherical coordinates for a vector on the surface of a
unit sphere (adapted from [91])

3.3 Porosity measurement

Helium pycnometry was used to measure the percentage of connected pores (effective porosity)
of each sample before and after deformation, while mercury porosimetery was used to measure
the porosity volume, size and distribution of deformed and undeformed samples. The porosity
distribution in each sample was compared with each other to gain more understanding of the

effect of high pressure on porosity and the pore size distribution.

3.3.1 Helium pycnometer

The helium pycnometer was invented by Edward Y.H. Keng in 1967 [103]. It is a non-
destructive instrument that allows the measurement of the volume and hence true density of
solid sample. This is achieved by employing Boyle’s law to determine the true sample volume.
Boyle’s law is employed with helium as the gas to determine the solid volume of a sample. The
technique is rapid, and is valid on clean and dry samples. As the size of helium molecule is very
small, it can the penetrates even the smallest open pores. In this work, the DHP-100 Digital
Helium Porosimeter (Figure 3.9) was used to calculate the effective porosity percentage in each

graphite sample before and after loading. The results are discussed in Chapter 4.
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Figure 3.9 Helium Porosimeter

The effective porosity of the sample was calculated by applying the following procedure; the
Boyle’s law states that for an ideal gas, the pressure exerted by a gas held at a constant

temperature varies inversely with the volume of the gas.

PV =nRT 39
Where R is the universal gas constant, P is the pressure of the system; V is the volume of the gas,
n is the number of moles and T is the temperature. The helium gas in the reference cell
isothermally expands into a sample cell. Thus the pressure-volume products are equal before and

after opening the core holder valve.
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Figure 3.10 Schematic diagram of helium porosimeter apparatus adapted from [104]

BV, = BV, (3.10)
After expansion, the resultant equilibrium pressure is measured. The helium porosimeter
apparatus is shown schematically in the Figure 3.10.
Calculating grain volume requires the knowledge of Py, P, V)V, (reference pressure, gauge
pressure reading, reference volume and sample chamber volume). The gauge pressure reading
was obtained when the helium expands into the specimen chamber and it was assumed that
temperature (= 20 °C) is constant. The P;= 7 bar, reading was taking to 0.001 bar. In solving the
equation of unknown volume, V5 ;

V=V + V=1, (3.11)
Since the product of the initial pressure and volume of the helium in the system is equal to the
final pressure and volume of the helium in the system. Therefore, if a sample of unknown

volume is placed in the core holder, its grain volume can be calculated by rearranging Equation

(3.12)

(3.12)

V=V, +V,— =V, (3.13)

Theoretical bulk volume (V}) is calculated by using the equation of the volume of cylinder
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V, = nr?h (.14

The effective porosity is defined as the ratio of pore volume (V}, — V) to bulk volume (V}), and

in this work it is expressed as a percentage (@), in equation form
The open porosity of Gilsocarbon and PGA samples were measured in a helium pycnometer

before and after deformation, and the closed porosity was calculated by using the equations

below
Total porosity volume (%) = @ x 100 (3.25)
T
CPV = Total porosity volume — OPV (3.16)

Where V. represents the theoretical volume while the V. represents the volume of the
crystallites. The total porosity volume is the overall closed pore volume (CPV) and open pote

volume (OPV).

3.3.2 Mercury porosimeter

Mercury porosimetry can be used to characterize pore size distribution ranging from 0.003um to
950um. Some of the useful sample characteristics obtained are the total porosity, open
(accessible) porosities, mean pore diameter and distributions of the pore size, a direct
comparison was made between the amount of effective porosity available to mercury and to
helium. The experimental method in mercury porosimetry involves filling up an evacuated
sample holder with mercury and then applying pressure to force the mercury pore spaces [104].
Both applied pressure and intruded volume are recorded and the data produced can be used to
calculate the sample characteristic mentioned above.

Mercury porosimetry uses the Washburn equation (Equation 3.17) to describe the intrusion of
mercury into a porous material as a function of pressure applied to the mercury [104-100].
Mercury is used because it is non-wetting and non-reactive for most solid surfaces. It also has a
contact angle (0) of about 140° for most solids and it will not enter fine pores until sufficient

pressure is applied to force its entry into the pore[105].
_0.736

Y = —

P

Where P, the applied pressure, is in MPa and r, the pore radius, is in micrometers. PoreMaster

(3.17)

60 shown in Figure 3.11 was used for the mercury porosimetry measurements. It generates
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pressure up to 414 MPa for pore size analysis from over 950 pm to 0.0036 pm pore

diameter[107]. The evacuation setting was increased to 2 hours to allow proper evacuation of the

glass cell and to allow mercury settling in the sample steadily during low pressure measurement.

Figure 3.11 PoreMaster series adapted from Quantachrome limited

The mercury porosimeter can cause damage to graphite specimens above a critical pressure
range, which could make the porosimetry measurements misleading [106]. The results of
porosity measurements are treated carefully taking account of the limitations of the technique,

therefore good absolute, comparative values of porosities were obtained.

3.4 Dynamic Young’s modulus measurement

The traditional method for measuring the dynamic elastic constants has been to employ an
ultrasonic method in which the time of flight of an ultrasonic pulse along a specimen is
measured [108]. A high frequency electrical pulse is transmitted to a sender piezoelectric
transducer that creates an ultrasonic wave that passes through the sample and is received by the
receiver piezoelectric transducer and reconverted to an electric signal [108, 109]. Travel time for

the pulse through the specimen is measured. The use of both compressional and shear
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transducers permits both compressional waves and shear waves to be observed so that both
compressional wave velocity (I7}) and transverse wave velocity (I}) can be determined. The bulk
density of each sample is calculated from the ratio of weight (mass) to bulk volume of the
sample. The dynamic Young’s modulus (E) and shear modulus (G) of each sample before and
after loading was calculated from the velocity of longitudinal waves and shear ultrasonic waves

using the following equation [108, 110]

E = pV? (3.18)
3VAVE — 4Vt 319
Fee\Tw o o0
G = pV? (3.20)

The equations above shows the relationships between longitudinal and transverse wave velocities

with Young’s modulus and shear modulus.

3.5 Triaxial Deformation Apparatus (Big rig)

The big rig consists of a pressure vessel using synthetic oil as the confining medium into which a
piston is introduced to apply elevated axial loads to the specimen; the confining pressure and
axial load are independently controlled and measured. This rig was initially designed to study
meso-scale fracturing processes. The rig is called big rig because it can be used to deform
relatively large sample (25 mm diameter X 55 mm long cylindrical samples) and it can be used at

pressures up to 300 MPa.

The big rig allows compression testing by superimposing a hydrostatic pressure and uniaxial
stress. The system can deform samples under axially symmetric shortening or axially symmetric
extension by using a servo-controlled axial loading system that lower or withdraws the piston to
produce the required deformation conditions. The picture and the cross section of the big rig is

shown in Figure 3.12. A pressure vessel is housed in a cylindrical shaped steel shield.
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Figure 3.12 Big rig and Schematic of the whole big rig system

Confining pressure was applied using a compressed air-driven Haskel-type pump (SC Pump 600)
to pressurize the vessel up to 7 MPa. Further confining pressure (up to 300 MPa) was controlled
using a servo-controlled pressure regulator above 7 MPa. The confining fluid is Di-ethyl ester
called Reolube-DOS® (chemically inert, no health hazard in use). Confining pressure was
measured using a pressure transducer which was calibrated against a high accuracy solid front
29617 Heise pressure gauge. Confining pressure can be measured to an accuracy of 0.156 MPa,

as shown in Figure 3.16.

3.5.1 Acxial loading system

The axial loading system consists of ball screw press with an axial load capacity of 35tons. The
ball screw is driven via a short gear train; in turn driven by a DC servo motor with a maximum
speed of 3000 rpm and torque 90 Nm when driven by 60 Vdc from a servo- amplifier. The
servo-control system generates uniform axial displacement rate by measuring the displacement of
the piston with a LVDT (Linear Variable Differential Transformer) and automatically adjusting
the motor speed to keep the piston displacement rate constant. Axial displacement rates of 1.22
mm/min that correspond to strain rate of 0.0004 s were used in this work for both small and
large samples respectively. The internal force gauge in the big rig measures axial force during the
axial deformation experiment. As the force deforms strain gauges, the strain gauges convert the
deformation strain to electrical signals and hence into a force value that is displayed on the

instrument. The force gauge was calibrated, the result is discussed below.
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3.6 Pressure vessel (Seismic velocity rig)

This is a high pressure (500 MPa) rig designed for measuring seismic velocities of solid materials
at room temperature. Each sample was assembled (as shown in Figure 3.14) and placed in a
pressure vessel so that pressure can be applied. Acoustic velocity measurements were taken
during hydrostatic loading in the seismic velocity rig shown in Figure 3.13. In this experiment,
the acoustic transducers used are 25mm diameter piezoelectric ceramic plates supplied by
Morgan Acoustic Ceramics. The piezoelectric material used is lead zirconium titanate, referred to
as PZT (Pb(Zr,Ti)O;). These transducer plates (Sender and receiver) are operated when
confining pressure was applied; good acoustic and electrical connections are necessary to achieve
a good result. This work was carried out at confining pressure up to 200 MPa. The sample
lengths were measured before and after test, length corrections were considered during data
processing to take account of the change in volume and hence length of the sample due to the
applied hydrostatic pressure. The changes in axial and volumetric strain as graphite compressed
under hydrostatic compression are known from the static loading tests in the big rig. The results
obtained from this experiment allowed detailed comparison between volume change and velocity
change. The sample’s density was corrected in order to calculate the dynamic elastic moduli as

the sample compressed hydrostatically.
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Figure 3.14 Piston assembly
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3.7 Strain gauge instrumentation

A strain gauge is a device used to measure the strain (axial and circumferential) of a solid material
by producing a resistance change proportional to the change in strain. YFLA-5-NOL post yield
strain gauges were used in this work; they were made and supplied by Tokyo Sokki Kenkyujo
Co. This gauge was used because it was designed for measurement of large strains up to 15 — 20
% without creeping or cracking. The gauge length, width and resistance are 5 mm, 2 mm and 120
+ 0.3 Q respectively, with a gauge factor of 2.10 £ 2 %. The operational temperature is -20~+80
°C. CN-E glue is designed for bonding strain gauges to porous materials; the curing time under
normal conditions is 4 - 120 seconds. It was used to attach the strain gauges to the graphite

sample with the help of a technician (Bill Storey).

3.71 Sample assembly

Four strain gauges were attached to each sample, two strain gauges were attached parallel to the
sample axis and two parallel to the sample circumference. There are two layers of heat shrink
sleeving applied, one to protect strain gauges and connecting wires and the second to isolate the
sample from the confining pressure. The sample was jacketed with heat shrink to prevent the
wire attached to strain gauges from breaking. The strain gauge driving voltage is 125 QH. To
avoid heating, the energy generated by each gauge is 1 watt (YFLA-5-NOL post yield strain

gauges are sensitive to keeping low watt).

The sample was jacketed with heat shrink to the loading pistons. The connected cables were
pushed through the hole in the middle of the piston as shown in Figures 3.15A and 35B below
(final assembling). The whole assembly is lowered into the pressure vessel, making sure that it
was carefully placed on top of the internal load cell. The loading frame (gear train, ball screw,
driver motor and external loading cell) are pivoted into place and the main closure nuts are
tightened to the pressure vessel. The data logging proceeds for the duration of the test, the
output data is saved as text file containing raw data such as time (hours), time (seconds), strain 1,
strain 2, strain 3, strain 4, force (kN), volumetric strain, confining pressure (MPa). The saved files
can be opened in an Excel spreadsheet for further analysis. The sample final assembling is shown

in Figures 3.15A — 3.15D.
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Figure 3.15 Sample assembling; A) component built by the author to protect the cables during
pressurization, B) sample with strain gauges attached, covered with heat shrink, C) the sample jacketed to
the loading piston, D) the sample was jacketed with heat shrink to the loading pistons

3.8 Hydrostatic tests

Each cylindrical graphite specimen was subjected to confining pressure up to 30000 Psi (200
MPa). The pressure rate was controlled by a servo-controlled motor that moved a piston in and
out of a pressure vessel via a gear box and screw jack. Servo control was achieved with a
Eurotherm PID control which used the pressure transducer as the feedback. The longitudinal
and circumferential strains and pressure were continuously logged throughout the experiment.
When a pressure of 200 MPa was reached, the pressure was lowered at the same rate at which it
was applied and the strain was measured as the pressure was lowered. The loading and unloading
pressure-strain curves from the data points represent the deformation behaviour of graphite
under a complete pressure cycle. The effect of hydrostatic cycling on graphite deformation was

also investigated by repeating the whole hydrostatic test procedure. The effect of creep on
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hydrostatic deformation was investigated by loading graphite up to 200 MPa and then holding

the pressure constant for 24 hours before unloading to atmospheric pressure.

3.9 Axial deformation tests

Axial compression was performed on hydrostatically compressed graphite specimens to obtain
useful data such as Young’s modulus and Poisson’s ratio. When the required confining pressure
(200 MPa) was attained, the axial drive motor was controlled automatically at desired
displacement rate (1.22 mm/min). Each sample was loaded to different stresses; cyclic axial
deformation test were also conducted to various differential stresses. At the end of the test, the
axial load was removed. The confining pressure was then released, and the sample was taken out

of the rig.

3.10 Seismic velocity measurements

The compressional and shear wave velocities were determined for the samples from the transit
time of ultrasonic pulses (approximately 1 MHz). The time difference between the two
transducers (sender and receiver) is the time required for the group stress waves to travel
through the specimen. The higher the excitation frequency, the more reliable is the time pick
(sharp first break at the receiver), but more attenuation occurs at higher frequencies, both within

the sample and through the decrease in gain of the pulse amplifier with frequency.

A signal generator (TG130S Oscillator) was used to generate 1 V peak to peak (P - P) square
wave pulse or half cycle sinewave. This pulse was amplified to provide a driver waveform of up
to 150 V- 400 V P-P for piezo transducer (sender). The rise of the driver waveform was used to
trigger a LeCroy 300 MHz digital storage oscilloscope. The detected signal from the piezo
transducer (receiver) was connected to the LeCroy9310 Oscilloscope. The signals (pulses at
300ms interval) were averaged to reduce noise. Time of flight was read off from the oscilloscope
trace to a resolution of 0.0075 ps. In choosing the first break, it is estimated that the time could
be estimated reliably to half of 1 % of the time of flight. The time of flight through the steel
piston at each end of the specimen (determined separately) was subtracted from the total time of
flight through steel and sample. This was conducted by measuring the time delay with the platens

in contact (no sample) with an applied load.
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3.11 Calibration data (Hydrostatic pressure measurement)

The big rig loading system was calibrated by carrying out hydrostatic and axial deformation tests
on an EN24 steel specimen in order to measure the strain in a material with well-known elastic
properties. Confining pressure was measured using a pressure transducer with an excitation
voltage of 11.72 V. The calibration was carried out, and was very linear with parameters 47.1
MPa/mV with 0.16 mV output at zeto pressure. The calibration graph of the pressutre
transducers and the force gauge are shown in the Figures 3.16 and 3.17 respectively. At zero
force, the internal force gauge output during loading and unloading are 0.0782 V and 0.1641 V

respectively.
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Figure 3.16 Calibration for the pressure transducer, the voltage supply is 11.72V
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Figure 3.17 Big rig force gauge calibration
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3.12 Calibration data (Hydrostatic P- and S- waves measurements)

The total time of flight of the ultrasonic pulse recorded includes the time taken for the wave to
travel through the steel piston between the piezoelectric transducers and the sample. A
correction for this time must be made. This was achieved through running a calibration with no
sample so that the pistons are in direct contact with each other, so that the time of flight
measured is only the time taken for the seismic wave to pass through the pistons. Such a
calibration was run at a number of pressures and the pressure of flight was seen to decrease with
time for two reasons

% the steel was becoming slightly stiffer with increasing pressure and

% the length of the steel piston reduced as the pressure increased.

Such a calibration is shown in the Figure 3.18.
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Figure 3.18 P-P transducer Assembly Calibration

The linear equations obtained from the pressure circle in Figure 3.18 were used to correct the
time of flight of the P-waves on all the samples measured. Dynamic Young’s modulus and shear
modulus were calculated from the P- and S- wave velocities respectively using Equations 3.18

and 3.20 in Chapter 3.
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The P-S sample- transducer arrangement allows simultaneous measurements of P and S
velocities. The P-S sample was loaded up to 208 MPa without a sample and the history of

pressure versus time of flight is shown in Figure 3.19.
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Figure 3.19 P-S transducer Assembly Calibration

Similar calibration that was done with the P-P transducer assembly in the Figure 3.18 was
repeated with the P-S transducer assembly, the calibration is shown in the Figure 3.19. The linear
equations obtained from the pressure circle in the Figure 3.19 were used to correct the time of
flight of the S-waves on all the samples measured in this experiment. Shear moduli was

calculated from the S- wave velocities respectively using Equation 3.20 in Chapter 3

3.13 Conclusion

The mechanical properties of nuclear graphite are necessary to determine the structural integrity
of graphite component in a reactor. These mechanical properties (static and dynamic elastic
moduli, uniaxial strength, strain to failure e.t.c.) are vital to determining the capability of the

structural strength and integrity of the reactor core.
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The irradiation changes to graphite properties are related to opening and closure of porosity and
reorientation of the crystallites in polycrystalline graphite. Loading graphite under high
hydrostatic pressure (up to 200 MPa) is a method of simulating this behaviour and was employed
in this work. In order to understand changes in graphite microstructure under stress, a change in
microstructure will be induced by loading the samples hydrostatically and also with differential

stress, using two high pressure rigs (big rig and seismic rig).

Non-destructive X-ray tomography will be investigated for its ability to determine the
microstructure within individual test samples. It allowed samples to be analysed before and after
the loading tests. Image analysis techniques (using Matlab) will be used to enhance information
such as pore size distribution in the virgin and deformed micrographs. The visible
microstructural change in the deformed sample micrographs due to stress history will be
compared to the original micrographs, so that the microstructural evolution and modifications as
a result of hydrostatic stress can be established. The X-ray diffraction method will be
investigated in order to examine the orientation of the crystals in the graphite microstructure

before and after tests.

Precise dimensional measurements (diameter and length) of all deformed samples will allow
macroscopic dimensional changes to be determined; the pore size distribution of the deformed
samples will be calculated (using helium and mercury porosimeter) and compared to virgin
samples values for each test. Each cylindrical shaped graphite sample’s identity (ID), the

dimensions and the samples direction of extrusion (AG and WG) is shown in the Table 3.4.
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Table 3.4 The samples identities, directions and dimensions as well as the test done on each sample

Sample ID | Direction Diameter | Height Machining and Experiments
(mm) | (mm)
Gilsocartbon | A2 9.97 20.03 Machined to 9X19 mm cylindrical shape samples for Hg porosimeter
E1 20.02 40.04 It was loaded up to 200 MPa in seismic rig, but there was a leak
E2 20.02 40.04 Confining pressure of 200 MPa
E3 20.02 40.04
E4 20.02 40.07 Machined to two 9X19 mm cylindrical shape samples for Hg porosimeter
I 24.96 50.84 Confining pressure of 200 MPa
12 24.98 50.84 Confining pressure of 200 MPa and cyclic differential forces of 28 KN & 17 KN
13 24.98 50.85 Confining pressure of 202 MPa and cyclic differential forces of 36 KN & 20 KN
14 25.37 50.81 Seismic loading up to 207 MPa with a P rod (Pwave)
I5 25.37 50.81 Seismic loading up to 207 MPa with a S rod (P&Swave)
I6 25.37 50.81 Seismic loading up to 207 MPa with a S rod (Swave)
17 25.34 50.81 Cable disconnected twice during the test, sample was still loaded up to 80 MPa
I8 9537 50.82 Cyclic confining pressure of up to 200 MPa, down to 20 MPa, up to 200 MPa,down to
16 MPa, up to 100 MPa
19 25.37 50.82
110 25.38 50.82 Cyclic seismic loading up to 207 MPa with a P rod (Pwave)
11 25.38 50.82 Machined to two 9X19 mm cylindrical shape samples for Hg porosimeter
PGA B2 WG 9.97 20.02 Machined to 9X19 mm cylindrical shape samples for Hg porosimeter
B4 AG 10 20.04 Machined to 9X19 mm cylindrical shape samples for Hg porosimeter
F1 WG 20.02 40.06 Confining pressure of 200 MPa
F2 WG 20.01 40.15 Confining pressure of 60 MPa and cyclic differential forces of 16 KN & 11 KN
F3 WG 20.03 40.07 Confining pressure of 60 MPa and cyclic differential forces of 17 KN & 12 KN
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F4 AG 20.02 40.07 Confining pressure of 60 MPa
F5 AG 20.03 40.07 Confining pressure of 200 MPa

Repetition of J8 but Confining pressure of 200 MPa and cyclic differential forces of 17
F6 AG 20.02 40.04 KN & 20 KN
E7 AG 20.04 40.09 Confining pressure of 60 MPa and cyclic differential forces of 16 KN & 11 KN
N WG 25.01 50.85 Confined up to 58 MPa, then shut circuit, sample reassembled and loaded up to 200

MPa
]2 WG 25.01 50.88 Confining pressure of 200 MPa and differential force of 28 KN
J3 WG 25.01 50.84 Confining pressure of 200 MPa and cyclic differential force of 17,20,23 & 28 KN
J4 WG 25.01 50.99 Confining pressure of 60 MPa
J5 AG 24.99 50.85 Confining pressure of 120 MPa
16 AG 25 50.87 Shut circuited during test, beside the sample cracked, therefore the result was not
reliable

J7 AG 24.98 50.84 Confining pressure of 200 MPa and differential force of 28 KN
J8 AG 24.97 50.84 Confining pressure of 200 MPa and differential force of 36 KN
J9 AG 25.35 50.84 Seismic loading up to 207 MPa with a P rod (Pwave)
J10 AG 25.37 50.84
J11 AG 25.38 50.81

Cyclic confining pressure of up to 200 MPa, down to 20 MPa, loaded and unloaded at
J12 AG 25.32 50.81 200 MPa
J13 AG 25.31 50.82 Machined to 20X39 mm cylindrical shape sample for Hg porosimeter
J14 AG 25.36 50.82
J15 AG 35.35 50.82 Seismic loading up to 207 MPa with a S rod (Swave)
J16 AG 25.36 50.82
J17 AG 25.36 50.82

Machined a disk for XRD experiment & 9X19 mm cylindrical shaped sample for Hg

J18 AG 25.34 50.82 porosimeter
J19 AG 25.36 50.82
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J20 AG 25.33 50.82

J21 WG 25.33 50.73

j22 WG 95.08 50.72 Confining pressure of 200 MPa, loaded and leave up to 24hours before unloading (creep
test)

J23 WG 25.31 50.73 Cyclic seismic loading up to 207 MPa with a P rod (Pwave)

J24 WG 25.31 50.73 Seismic loading up to 207 MPa with a S rod (P&Swave)

J25 WG 25.3 50.73 Machined to 20X39 mm cylindrical shape sample for Hg porosimeter
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CHAPTER 4

4 Results

The irradiation changes to bulk properties are said to be, in part, related to closure of porosity
and reorientation of the crystallites [60, 82]. Pore closure and crystallite reorientation can be
mimicked by loading graphite under high hydrostatic pressure [54]. PGA (WG and AG) and
Gilsocarbon nuclear graphites were loaded hydrostatically up to 200MPa, the relationships
between the graphites’ mechanical properties such as static and dynamic bulk modulus, shear
modulus and Poisson’s ratio were analysed. The relationships between the mechanical properties

of different loading modes such as

R/

*¢ hydrostatic loading using strain gauges,
% hydrostatic loading followed by shortening,
% cyclic hydrostatic loading,
% measuring acoustic loading under hydrostatic stress to express the moduli
were analysed. This research combined measurement of properties under high pressure and

compares the experimental results with various to effective medium (EM) models in Chapter 5.

Each sample was characterized before (pre-microstructural characterization) and after loading
(post-microstructural characterization), by using the equipment listed in the Chapter 3. The

results obtained are discussed in this chapter.

4.1 Pre-microstructural characterization and properties measurement

411 X-ray goniometry results

A summary of the experimental X-ray diffraction spectrum is shown in Figure 4.1, showing the
positions of all Bragg reflections. A general texture two dimensional scan was taken; three peaks
were needed for the texture measurement. Several pole figures are needed to define the ODF (as
discussed in the Chapter 3). Since the 002, 100 and 110 peaks are the most intense and sharp

peaks, they were selected for the texture measurements.
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Figure 4.1 X-ray diffraction spectrum for PGA

The pole figures shown below (Figures 4.2 and 4.3) are only projections of three crystallographic
axes of the full ODF. The pole figures describe the orientation distribution of all crystal cells of a
given phase of the sample. The experimental pole figures of the sample for three graphite crystal
planes (4 £ /) are determined by X-ray diffraction and they are shown in the Figures 4.2a and
4.3a. Gilsocarbon (Figure 4.2) is nearly isotropic, this is shown by uniform intensity across the

pole figures while PGA (Figure 4.3) showed preferred orientation (anisotropic characteristic).
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Moulded

Figure 4.2 Pole figures of the considered Gilsocarbon graphite sample, a) experimental figures derived by
the X-ray diffraction method, b) recalculated pole figures from ODF derived from the experimental pole
figures, c) difference between calculated ODF and the experimental data. The set colour range in
represent the intensity scales. The colour range have no unit, it was denoted as multiples of uniform
distribution (mud) values. It varies from 0 to 1.2mud for the ODF derived

The region of extreme intensity is in some way correlated with the axes of the sample coordinate
system (X is the extrusion direction; Y and Z are approximately parallel to the other sides of the
original graphite block). The calculated pole figures in the Figure 4.2b show no preferred
otrientation (the grains are uniformly orientated), however there is an artifact around the
circumference. The original pole figure data collected below 75° tilt of the sample can be trusted;
the data above 75° is unreliable because of defocusing of x-ray beam which in systematically
lower intensity as the tilt is increased. The pole figures for PGA were corrected for the
defocusing effect using pole figures for a sample of Gilsocarbon, that has almost no lattice
preferred orientation. The moulding of Gilsocarbon might have led to the random orientation of

the graphite crystal cells in the block, and having spherical grains (Gilsocarbon coke) or grains
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within which the layer plane orientation which has considerable variation, these contributed to

the isotropic nature in Gilsocarbon [111].

Extrusion direction

Figure 4.3 Pole figures of the considered PGA (against grain) graphite sample, a) correction of the
experimental figures derived by X-ray diffraction data, b) recalculated pole figures from ODF derived from
the experimental pole figures, c) difference between calculated ODF and the corrected x-ray data, d)
Young’s modulus calculated from elastic tensor of a single crystal and ODF. The colour range varies from
0 to 1.7 mud for the ODF derived.

It can be seen that PGA has a preferred orientation of the lattice planes especially the basal
planes (Figure 4.3). This is in contrast to Gilsocarbon which has a more random distribution
(Figure 4.2). The lattice preferred orientation LPO of anisotropic PGA graphite can be seen
from pole figures where the (0001) poles and hence c-axes are preferentially oriented in a plane
perpendicular to the extrusion direction. There are weak clusters of the (1010) and (1120) axes

parallel to the extrusion (Figure 4.3).
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It is possible to calculate the bulk properties of a polycrystalline material if the properties of the
single crystal and ODF are known [112]. The Young’s modulus in different directions can be
calculated from the single-crystalline graphite elastic tensor(Cij) [21] and ODF assuming the
aggregate has no porosity. The minimum and maximum Young’s modulus of PGA calculated in
this way are 283 GPa and 330 GPa respectively (Figure 4.3d), these clearly indicated that the
modulus is higher in the direction (x) parallel to the extrusion direction than in the plane
perpendicular to the extrusion direction. These Young’s moduli calculated are 28 - 32 times
stiffer than the modulus of polycrystalline nuclear graphites (Gilsocarbon and PGA). This is due
to the present of 18-26 % porosity in the polycrystalline graphites.

The graphite elastic tensor obtained from Bosak [21] was used to calculate the VRH elastic bulk
modulus by using Berryman’s equation [113]. The effective bulk moduli of non-porous graphite
calculated is 36 GPa. The effect of porosity on Bulk modulus was considered by using models

such as VRH, HT and KT. The effective bulk modulus (36 GPa) was used and addition of

porosity was also considered in the models. This is discussed later in Chapter 5.

4.1.2 Tomography scans and mercury pycnometry results

The virgin PGA and Gilsocarbon microstructural properties and porosity distributions were
characterised using X-ray computed tomography, helium pycnometry and mercury porosimetry.
Example tomographic images of PGA and Gilsocarbon are shown in the Figure 4.4. The grey
region (region that absorbed X-rays) in the tomographic image represents the graphite material

whilst the black region (region with no X-rays absorption) represents the porosity.
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GILSO

Figure 4.4 Tomography of Virgin PGA and Virgin Gilsocarbon (Gilso)

This non-destructive method allows investigation of the microstructural changes before and after
deformation. The smallest resolvable feature in the tomographic image is 14.6 um, and the
change in microstructural features below this resolution was not visible. Since graphite
microcracks closure and formation have also been reported in previous work [54] to be
responsible for changes in elastic properties, it was important to investigate porosity size ranges
beyond the resolution of the tomography technique. Therefore the changes in microstructure
were analysed by using mercury porosimetry and helium pycnometry to measure the porosity
distribution and total porosity in the virgin and deformed graphite. According to previous
work[4], the pore entrance radius in nuclear graphite ranged from nanometres to micrometres
(100 um). In this work, the pore entrance radius ranged between 3.6 nm to 100 um as shown in

the Figure 4.5.
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Figure 4.5 Normalised PGA open pore volume entrance radius versus open pore volume

The mercury porosimetry of different sizes of PGA samples (J18 and J25) are compared with
other data for PGA [4, 114]. The pore volume of each PGA graphite is normalized by its
maximum value in order to compare the author’s data to previous work (as shown in Figure 4.5).
Sample J25 was a large virgin PGA sample (20 mm diameter by 39 mm in length). Therefore the
pore distribution analysis was carried in a macro cell assembly (27 mm diameter by 40.6 mm in
length) attached to the porosimeter kit. The pore radius measurement showed an inconsistency
between the low pressure and high pressure measurements, which suggested that there was

insufficient mercury available to fill the pores of such a large sample.

Sample J18 was a small virgin PGA sample (9 mm diameter by 19 mm in length). Therefore the
pore distribution analysis was carried in a small cell assembly (11 mm diameter by 25 mm in
length) attached to the porosimeter kit. The pore radius measurement showed consistency

between the low pressure and high pressure measurements, which suggested that there was
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sufficient mercury available for the analysis due to the smaller size of the sample compared with

sample ]25.

Fazluddin [84] porosity distribution was similar to the authotr’s measurements (J18) at high
pressure as well as Williams’ [114] data. At low pressure, the data in the work of Fazluddin [84]
increased sharply suggesting that the low pressure measurement might have been run faster due
to scan mode settings and short evacuation period compared with the 2 hours evacuation

settings used in this study.
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Figure 4.6 Pore size distribution in Virgin PGA (B2, B4 and J18) and Gilsocarbon (A2, I11 and I11b) nuclear
graphite

Both PGA and Gilsocarbon samples showed a distribution within the macropore region

extending to the mesopore and micropore regions as shown in Figure 4.6. At higher pressures
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(13.8 - 20.6 MPa- critical pressure range) measurement, porosity is being created by injected
mercury opening new cracks. Previous work [4, 114] suggested that some closed porosity was
graphites was made accessible under high mercury pressure and also completely new porosity are
generated. The additional accessible porosity might be caused by mechanical break-down of thin
pore walls and the rest by reversible elastic crack opening. Therefore it was safer to use mercury
porosimetry data only below a critical porosimetry pressure. The critical pressure was estimated
from the porosity curves in Figure 4.6. PGA’s open pores cumulative mercury intruded volume
was 0.225 cm’ (red line) while the Gilsocarbon open pores cumulative mercury intruded volume
was 0.1125 cm’ (blue line), these values of open pore volume are roughly coincident with an
inflexion point in the maximum value of open porosity obtained from the helium pycnometry
results. According to previous work [1006], the critical porosimetry pressure for most graphite lies
between 13.8 - 20.6 MPa. In this work, the mercury porosity was equal to the helium porosity at

an intermediate pressure of 20.6 MPa, corresponding to a pore radius of about 0.05 um.

The PGA graphite samples had the largest volume of open porosity volume due to high
cumulative volume of mercury intruded (0.225 cm’) compared with Gilsocarbon samples which
had a lower mercury intrusion volume (0.113 cm’). The volumes of mercury intruded into PGA
and Gilsocarbon were similar to the average open porosity (22% and 10% respectively) obtained
from helium porosimetry. It can be physically observed that the graphite microstructure has a
wide range of small pore sizes, with a fair proportion of large pores, but the pores size
distribution does reflect this. The Graphite material is heterogeneous; therefore different parts of
the graphite machined from the same graphite block could show similar or different porosity
distribution from each other as shown in the Figure 4.6. After measuring the open porosity by
helium pycnometry, the calculated closed porosity of the PGA and Gilsocarbon samples were

4% and 8% closed porosity respectively.

4.1.3 Dynamic Young’s modulus and helium pycnometer results

Dynamic moduli (Young’s modulus and shear modulus) were measured before and after
deformation by using bench top piezoelectric transducers at atmospheric pressure. The
Gilsocarbon microstructure is near isotopic and therefore can be an elastically isotropic linear
material which can have their elastic properties determined by any two of the following moduli;
Young’s modulus (E), Poisson’s ratio (v), Bulk modulus (K), Shear modulus (G), and P-wave
modulus(M). From any two moduli, any other elastic moduli can be calculated. Bulk modulus is

calculated by using Equation 4.1 below
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Due to graphite spatial heterogeneity, each graphite sample from the same graphite block can be

expected to display significant differences in moduli as shown in the Figures 4.7 and 4.8.

Table 4.1 Average DYM of the graphite

Graphite Average E (GPa) Average G (GPa)
PGA-WG 111 4.2
PGA-AG 5.9 3.3
Gilsocarbon 12.4 5.1

The average DYM and shear modulus of PGA-WG, PGA-AG and Gilsocarbon were shown in
the Figures 4.7 and 4.8. These values (shown in Table 4.1) correspond with the values from
previous work [115, 116] on PGA (DYM = 11.7 GPa and shear modulus = 5.4 GPa
respectively) and Gilsocarbon (DYM = 11.6 GPa). There was a vague trend of DYM lowering

with increase in porosity in the PGA while the Gilsocarbon DYM seemed to be independent of

porosity.
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Figure 4.7 Dynamic Young’s modulus (DYM) against total porosity in PGA-WG (PGA sample parallel to
the extrusion direction), PGA-AG (PGA sample against the extrusion direction) and Gilsocarbon
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Figure 4.8 Shear modulus against total porosity in PGA-WG (PGA sample parallel to the extrusion
direction), PGA-AG (PGA sample against the extrusion direction) and Gilsocarbon

4.2 High pressure loading (hydrostatic measurement)

Variation of volumetric strain of PGA-WG with hydrostatic pressure up to 60 MPa and 200
MPa are depicted in Figure 4.9. The conventional stress-strain curve for graphite aggregates
under uniaxial stress have a convex upward shape [42, 56], and it is interesting that observe the
resulting curve from hydrostatic compression exhibited a concave shape. The generic behaviour
of the graphite aggregates under hydrostatic stress is divided into three stages: these can be

marked I, IT and IIT on the volumetric strain curve for the 200 MPa experiment in the Figure 4.9.

The stages were described in the Table 4.2

84



150

I11

N
=
"':-: 150
v
:
[+ ™
Loe]
£ w I1 WG - (2000Pa)
b WG - (60MPa)
g
L)

5D

-
I e
z
(=]
ood 005 o.10 0,15 020 o2s

Volumentnc strain

Figure 4.9 Volumetric strain (V.S.) of PGA-WG- J4 and F1 during hydrostatic compression up to 60MPa
(dotted line) and 200MPa (solid line). The volumetric strain was changed from negative strain to positive
strain. The three stages (I, IT and IIT) were explained in Table 4.2

When a sample is compressed, the change in length and strain are negative, but for the purpose
of clarity in this work, the negative strain was changed to positive strain. In the Figure 4.9, the
samples J4 and F1 were compressed, the sample sizes were reduced as the confining pressure
increased. The removal of applied pressure results in a small amount of permanent strain
indicating that there are some pores must have collapsed permanently during initial loading.
There was a remarkable volume recovery during the release of confining pressure at ~50 MPa;
for the PGA sample compressed at 60 MPa, original volume was approximately recovered, but
for the sample compressed at 200MPa, 98-99% volume recovery was noted. A permanent set of
1 - 2 % was comparable with Paterson’s work [54]. The postulated mechanisms for the graphite

inelastic and recovery behaviour are presented in Table 4.2.
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Table 4.2 Description of graphite inelastic and recovery behaviour using the volumetric strain curve

Stages

Loading

Unloading

The strain increased with an increasing
in pressure (up to 8 %). It is suggested
that there might be not enough
pressure to overcome the friction
between the basal plane, lower rate of
pore closure with increase in pressure

Rapid volume recovery at below 50 MPa was
observed. This behaviour was generic to both
PGA with-grain and against-grain. It is
suggested that during this stage there was
enough pressure release to overcome the
friction between the basal plane

1II

The strain increased substantially with
small increase in pressure (from 8-21
%). The author suggests that the
graphite deforms and large pores close
easily (i.e. lenticular and globular
porosity)

From 150 to 50MPa, the material slightly
recovered 1% of its volume after loading.

11T

The strain almost level off with the
pressure (from 21-22 %). According to
Yoda et al. [56], this behaviour can only

be observed in elastomer material e.g.
rubber.

Majority of graphite pores closed at
high pressures (approaching zero
porosity); therefore for further increase
in pressure makes the graphite less
deformable and grain compression
dominate. The graphite behaviour
approaches hypothetically non-porous
graphite.

Many pores disappeared; the material held on
to its strain (22 %), even though the
confining pressure was released, the material

volume remains constant.

The behaviour of graphite under hydrostatic loading can also be explained further by using

micromechanical model such as spring and frictional element diagram shown in the Figure 4.10,

where K, and K_ represent the two springs and F represents the frictional element (K, ~ K_) and
K, «K,).
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Figure 4.10 Spring/frictional element diagram

Considering the loading behaviour of graphite samples (i.e. sample F1 in the Figure 4.9), it was
initially stiff then it became less stiff after a few percent volume strain and then after about 20%

the material stiffens up again.

Conceptually it was envisaged that during the initial loading, the graphite was initially stiff as
large, equant pores are not closing. In the model above the initial loading represent compression
of spring K . Once some critical value of stress is reached, to overcome either friction on basal
planes or break some van der Waal’s bonds between basal planes, then the frictional element (F)
will slide, the spring K, hit the buffer (combination of K, and K), allowing the less-stiff K_to be
loaded which represents the poroelasticity of the smaller inequant cracks and pores. Once all the
large pores have closed (represented by the limited displacement capacity of K), K_ will no
longer be able to accommodate any strain therefore any further strain will have to be
accommodated by further displacements on the stiffer K, which represents the elasticity of the

graphite with remaining open microcracks and the collapse of the more equant larger pores.

During unloading, the slope of the stress/strain cutve was steep and in the model above, the
spring K, was been unloaded without sliding on the frictional element and K_ does not unload.
Once the stress difference on either side of the frictional element had reached a critical value, it
started to slide unloading K, and finally unloading K. One possibility of explaining this is when
the equant porosity closes, basal planes of graphite are placed together and they bind together
with weak van der Waals bonds. They only break on release of the pressure when there is critical
stress on them. One of the ideas for interpreting the hysteresis was to see whether this was

possible with the energy lost in the process.

Mechanical workdone is the area under stress-strain curve. Work was done on the sample as it
was compressed. This energy was stored as strain energy. Since the material showed hysteresis

behaviour during unloading, only some of this energy was recovered. In the Figure 4.11, the
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energy lost during loading and unloading was calculated as ~155 J. This energy must have been

dissipated through:

% creation of new surface area by rupture and sliding of the basal planes (i.e. crystallites
reorientation resulting to porosity closure and opening) as suggested by Abrahamson
[117]

% dissipation through plastic deformation and defect creation (creation of basal plane
dislocations)

% heat lost (AT): the heat lost was calculated (using thermodynamic equation; Q@ = mcAT)
to be ~308.2 K/35 °C

200

100

Confining pressure (MPa)

0 |
1.0x10° 1.1x10° 1.2x10° 1.3x10°
Volume (ms)

Figure 4.11 Energy lost in the stress- strain curve of sample F1

The work done per unit volume to deform a material from a stress free reference state to a
loaded state is the strain energy density of that material. The strain energy density was calculated
as 12.3 MJm”. In this work, the effect of the loading on the graphite microstructure was

examined.

PGA-WG and PGA-AG samples were hydrostatically compressed up to 60 MPa in order to

study the effect of graphite crystallite orientation on their compressibility. PGA-WG axial strain
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was less than circumferential strain as shown in the Figure 4.12, but PGA-AG showed opposite
behaviour. This behaviour was due to the preferential alignment of the graphite grains in
different direction (i.e. PGA-WG: parallel to extrusion direction, therefore it became easier to
close the pores perpendicular to the circumferential strain gauge, whilst vice-versa for PGA-AG).
The volumetric strain is independent of the alignment of the specimen. The PGA-AG was taken
to higher pressure than PGA-WG, therefore the volumetric strain of PGA-AG is larger than
PGA-WG. In Figure 4.12, the true error was calculated using error propagation between extreme
individual observations in strain was represented with the error bars, this serves as a form of
reliability of the observed strain. The uncertainty in the confining pressure was calculated as *

150 - 155 Pa, which was too small to be included in Figure 4.12.
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Figure 4.12 The history of axial, circumferential and volumetric strain during hydrostatic compression of
PGA with grain-J4 (dotted line) and PGA against grain-F4 (solid line) at 60 MPa. A.A- Average axial strain,
A.C- Average Circumferential strain, V.S- Volumetric strain

The schematic diagram in the Figure 4.13 was proposed in order to interpret the result in the
Figure 4.14 in term of porosity closure. The two dimensional schematic diagram in the Figure
4.13 shows the alignment of elliptical pores (i.e. lenticular cracks) parallel to the basal plane and
other randomly oriented circular porosity (i.e. globular pores) in the binder. Polycrystalline

graphite consists of binder, grains and porosity [23, 25, 41, 79]. Lens shaped pores are
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preferentially aligned parallel to the direction of extrusion in the PGA-WG. It was noticed that
under hydrostatic compression, that samples whose axis was parallel to the extrusion direction
compressed more in the circumference direction than the axial direction, this was due to closure
of elliptical pores that are preferentially oriented parallel to the sample axis. With sample whose
axis are perpendicular to the extrusion direction, axial strain was higher than the average
circumferential strain and there was also slightly anisotropy in the circumferential strain.
Resulting in slightly lower circumferential strains recorded in strain gauges glued parallel to the
extrusion direction. The volumetric strain of the samples cored in the two directions under

hydrostatic compression is the same just as expected.
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Figure 4.13 Schematic diagram of PGA-WG and PGA-AG, the three dimensional schematic are proposed
by the author and the two dimension schematic are adapted from Eto et al. [118],

The Figure 4.14 shows the volumetric compression behaviour of Gilsocarbon, PGA-AG and
PGA-WG nuclear graphites under hydrostatic load up to 200 MPa. The figure shows the

experimental data obtained upon hydrostatic loading and unloading respectively.
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Figure 4.14 Volumetric behaviour of Gilsocarbon (E2), PGA AG (F5) and WG (F1) under hydrostatic stress
(200 MPa) states

The variation of volumetric strain with hydrostatic pressure up to 200 MPa are shown in Figure
14. The data have been divided up into a number of segments within which slope on the Figure
14 was roughly constant (I-XII, A-J and a- k). From the slope the average bulk modulus within
each pressure range was estimated. The magnitude of permanent strain in the PGA samples was
higher than the Gilsocarbon, resulting from the fact that the compressive strength of
Gilsocarbon (70 MNm®) was higher than the compressive strength of PGA (27 MNm™) [116].
The strain in the conventional uniaxial stress-strain curve is much lower than the strain in the
hydrostatic stress-strain curve in this work. A conventional stress-strain curve under uniaxial
stress exhibits a convex shape (probably because of less pore closure), while the resulting curve
under hydrostatic stress exhibits a concave feature beyond a strain of 0.01 for Gilsocarbon and
0.15 for PGA. Porosity closure in graphite was the main strain accommodation mechanism [54,
56]. At the maximum applied pressure, the change in volume of Gilsocarbon, PGA-AG and
PGA-WG graphites are about 13, 20 and 23 % respectively. When compared to the starting
porosities of 20 % for Gilsocarbon and 26 % for PGA it can be seen that the majority of the

porosity has been closed by the application of 200 MPa confining pressure.
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In Figure 4.14, Gilsocarbon seems not to display stage II mentioned in the Figure 4.9, unlike
both PGA samples where stage I, II and III appeared. This might be due to less porosity volume

fraction in Gilsocarbon compared with PGA.

The bulk modulus of Gilsocarbon was calculated using Equation 4.1, where K, E and v are bulk
modulus, Young’s modulus and Poisson’s ratio respectively. Using the DYM value at
atmospheric pressure in the Table 7.1, the bulk modulus of Gilsocarbon was calculated as 6.11

GPa, and the observed value was in good agreement with this.
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Figures 4.15 Gilsocarbon (E2) graphs of average bulk modulus against a) pressure and b) porosity

The change in average bulk modulus of Gilsocarbon as porosity changes is shown in Figure 4.15.
During the initial loading, there was a lower rate of pore closure (from 19.3 % to 15 % porosity),
as pressure increased, resulting in a decrease in bulk modulus to 1 GPa until a sudden change in
direction was experienced at higher pressure i.e. from 100 MPa. Above 100 MPa, there was an
increase in bulk modulus to 2.2 GPa; this is due to closure of the large porosity. At maximum
applied pressure (200 MPa), the volumetric strain in Gilsocarbon is 12.5 % (Figure 4.14), which
suggested that majority of porosity would have closed (13 % closed). In this state; the graphite is
behaving like lower porosity graphite. According to Barsoum et al. [119], during graphite loading,
there is an accumulation of local dislocations resulting in formation of kink bands. Since

dislocations are confined to the basal planes, they cannot entangle and can thus move reversibly
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over relatively large distances resulting in the dissipation of energy during each cycle (loading to

unloading) [119].

In the spring model shown in Figure 4.10, during the initial stage of unloading, the force on both
spring K, K, and K_ are equilibrium, further unloading makes K, extend first until there is a
large enough difference in force on either side of the frictional element to make it slide. Once it
slides, K, can be unloaded and then K_ unloaded subsequently. In the nuclear graphite, it was
assumed that during unloading, the basal planes which were held together due to the dislocation
pile up, were released gradually until it reaches critical pressure, where the sample almost
recovered its initial volume. This was why there was a large difference between the average bulk
modulus at maximum pressure after loading (2.2 GPa, this is inelastic) and before unloading (8

GPa, this is elastic).

By using a nano-indentation technique, Berre et al. [120] measured the Young’s modulus and
Poisson’s ratio of hypothetical non porous graphite to be 15 GPa and 0.2 respectively [120]. The
resultant calculated bulk modulus of non-porous gilsocarbon graphite is 8.3 GPa. In this work,
the average bulk modulus of the resulting Gilsocarbon curve upon unloading from the maximum
pressure (200 MPa) appears to be 8.1 GPa. The discrepancy between the observed bulk modulus
upon unloading and calculated bulk modulus seems to be insignificant. During unloading,
initially only internal distortion within graphite crystals is unloaded, then once the stress dropped
below a certain value closed pores started opening gradually, resulting in a decrease in bulk
modulus to 1 GPa. At 50 MPa a sudden rise in K was observed, this might be due to the fact
that the reopening of the larger pores forced the large population of microcracks to close,
therefore increasing in bulk modulus. This could also mean that maybe the frictional element has
stopped sliding so easily, therefore the poroelastic element was not offloaded so much but more

of the intracrystalline elasticity was unloaded. PGA did not show this behaviour.
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Figure 4.16 PGA WG (F1) and AG (F5) average bulk modulus against confining pressure

The deformation behaviour of both PGA WG (F1) and AG (F5) in the TFigure 4.14 was
evaluated in the Figure 4.16 in a similar manner to the Gilsocarbon graphite mentioned above in
the Figure 4.15. Gilsocarbon is denser than PGA graphite, but PGA-AG and PGA-WG samples
have the same density, yet the apparent average bulk moduli of each PGA-AG and WG sample
was ~1 GPa. The loading history shows that the difference between the average bulk modulus of

PGA AG and WG during loading seems to be insignificant since they are the same material.

During loading of PGA a sudden change in slope was observed at much lower pressure (50
MPa) unlike Gilsocarbon. This suggested that the threshold stress to activate pore closure in
Gilsocarbon is higher than in the PGA samples. This may be due to the crystallographic
preferred orientation of PGA, which means that when a pore closes by sliding on a basal plane it
is more likely to be compatible with closure of other pores in similar orientations. The apparent
bulk modulus of the resulting curves upon unloading from the maximum pressure were similar,
and reduced from 12.7 GPa to 0.3 GPa, this value (12.7 GPa) was higher than the bulk modulus

of graphite, this might be due to the LPO and preferred pore orientation. If pore collapse is
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mainly parallel to the c-direction, if inhibited by the friction component then compressibility has

to be accommodated more within the basal planes which are much stiffer.

4.21 Combined hydrostatic and differential stress (axial deformation)

A triaxial compression test is generally conducted in two phases; a hydrostatic compression
phase and a differential phase. During the hydrostatic phase, the specimen is subjected to
isotropic compression, while measurements of axial and radial deformations are made. The
differential phase of the test is conducted after the desired confining pressure has been reached
during the hydrostatic phase. While holding the desired confining pressure constant, the axial
load is increased. The total history of the volume change during the experiment is shown in

Figure 4.17.
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Figure 4.17 Total history of PGA-AG (F6) volume change during experiments (increase in confining
pressure, followed by axial deformation, and then confining pressure unloading)

After the volume decrease on applying confining pressure up to 200 MPa, the sample is then
deformed axially; there was a further volume decrease during an additional 12.5 % axial strain at
fixed confining pressure. A large increase in volume occurred during the release of confining

pressure (Figure 4.17).
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4.2.2 Axial deformation

In the axial deformation curve, the axial strains represent a contraction and the circumferential
strains represent an expansion. The circumferential strain curves in Figures 4.19-4.21 show strain
around the sample circumference for the applied stress along the axial direction (referring to the
experiment listed in Table 3.4). At low stresses, compaction occurs. This stage was quite brief,
immediately after compaction the elastic-plastic deformation follows. There is limited
deformation at the elastic region. If the load were to be released in the elastic region, it is

suggested that the strain might be recoverable up to about 2/3 the elastic region.

In the inelastic deformation, as the stress increases, the axial strain begins to show nonlinear
behaviour, it is suggested that the beginning of this stage, there was a competition between
closure of pores oriented roughly perpendicular to the sample axis and opening of pores
roughly parallel to the sample axis. Initially the closure of cracks overcome the opening of cracks
but as the stress increased more pores opened up parallel to the axis which had a dramatic effect
on the circumferential strain, resulting to production of dilatancy. The behaviour was different
at higher pressure. The sample is only start dilating when the slope of the volumetric strain graph
goes positive. The dilatancy results in a net volume expansion of the sample. The higher the
stress, the more granular microcracks grow, the strains at higher stress are not recoverable. The

typical confined stress-strain curve behaviour is shown in the Figure 4.18.
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Figure 4.18 Schematic stress-strain curves for the confined axially symmetric shortening of graphite

The Figure 4.18 stress-strain curve can also be explained using the micromechanical model. At
the initial loading stage, the slope was stiff until a critical stress was reached, and then the
material became less stiff due to the changes in the microstructure caused by an increase in force.

This is applicable to both axial and circumferential strains.

The confined average axial, circumferential and volumetric stress-strain curves for PGA-AG
samples in compression are shown in the Figures 4.19, 4.20 and 4.21. The axial strain represent
contraction and circumferential strain represent expansion. In all cases average axial and
circumferential strains were measured as a function of applied load before failure. Average
volumetric strain was measured or calculated from the combined average axial and
circumferential strains as shown in the Equation 4.2. The form of the stress-strain curve is
consistent with numerous experimental data sets for graphite [42]. For small strains (where & «

€) the volumetric strain is given by:

gy =& t &+ &3 (4-2)
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Figure 4.19 Axial deformation tests of PGA-WG (F2) (solid lines) and PGA-AG (F7) (dotted lines) samples
at CP of 60 MPa and both taken to maximum differential stresses of 50 MPa (A.A. - Average axial strain,
A.C. - Average circumferential strain, V.S. - Volumetric strain)

As the stress increased the graphite pore spaces are closed due to the porosity orientation
roughly perpendicular or parallel to the sample axis and the volume is seen to decrease, the grain
to grain contacts becomes stressed or stiffer. This region is quickly passed as the stresses for new
fracture development to occur. This marks the onset of dilatancy in the sample. The onset of

dilatancy can be easily observed from the behaviour of volumetric strain.

It was surprising to see that the PGA-AG and PGA-WG have such similar behaviour as shown
in the Figure 4.19, considering the anisotropy of the DYM and the differences in the axial and
circumferential strains in the hydrostatic compaction experiments. However there are still some

differences in the behaviour of both samples.

Referring to the Figure 4.13, for PGA graphite, initial pores tend to be preferentially arranged
parallel to the direction of extrusion, therefore when axial load is applied perpendicular to the
extrusion direction, the porosity will be more easily closed as the pores are preferentially oriented
perpendicular to the maximum compression direction (67q). As shown in Figure 4.19, it was

suggested that PGA (AG) was slightly less stiff than PGA (WG) during axial deformation.
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During unloading, the stress within the graphite grains reduced, and permanent strain was
noticed. This strain is almost recovered on the release of confining pressure. Similar behaviour

was reported in previous work [42, 52].
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Figure 4.20 Axial deformation tests of two PGA (AG) samples, one at CP of 60 MPa — F7 (solid lines);
maximum differential stress of 50 MPa and another at CP of 200 MPa — F6 (dotted lines); maximum
differential stress of 62 MPa (A.A.- Average axial strain, A.C.- Average circumferential strain, V.S.-
Volumetric strain). A and B represent the slope of the first and second axial loading of F7. The test
conducted using samples F6 and F7 are listed in Table 3.4

The “permanent” strain whilst under confining pressure was observed which increased with
stress attained, as shown in Figure 20. The generic behaviour of both samples indicated that
there is more axial contraction than circumferential expansion. The volumetric strain at 60 MPa
confining pressure (solid lines) is much less stiff than for a confining pressure of 200 MPa
(dotted lines), this is due to more porosity closure during initial hydrostatic loading to higher
pressure (Figure 4.20). Also it can be seen that the deformation at 200 MPa occurs at

approximately constant volume (Figure 4.20).

In Figure 4.20, A and B represent the first and second loading period on the average axial strain
curve. In the first loading cycle taking the differential stress up to 50 MPa, a certain amount of

porosity collapsed during this loading. At 50 MPa, the sample was unloaded back to zero
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differential stress. The sample deformed plastically, resulting in a permanent strain at that
hydrostatic pressure. The majority of this strain was accommodated by porosity change. This
means that the sample has a lower porosity and hence should be stiffer. At loading period B, the
sample was reloaded up to 35 MPa, before unloading back to zero differential stress. The
inelastic Young’s modulus of A (first loading) and B (second loading) are 0.4 GPa and 2.63 GPa
respectively. These Young’s modulus values were calculated from the linear part of the curves.

The difference in stiffness for low pressure samples can be explained by the reduction in

porosity as seen by the volumetric strain but the high pressure samples do not change volume

during the axial deformation so the porosity is constant. The stiffness change for the high
pressure experiments could be explained by either or both of the following:

% despite the sample being deformed at constant volume there was pore closure in the axial
direction but this was offset by the amount of pore opening in the radial direction. Thus
there was a reduction in the porosity in an orientation that was easily closed by axial
loading.

% the strain induced in the first loading cycle has locked in some residual internal stress that
compressed the aggregate, making it stiffer.

This suggests that the material with higher porosity was less stiff and has lower Young’s modulus

in comparison with a material with lower porosity, as would be expected. After axial

deformation, confining pressure was released. Each sample recovers almost their original volume

and dimensions. The samples F7 and F6 are 1.2 % and 2 % smaller than their original volume.
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Figure 4.21 Axial deformation tests of PGA-WG (J3) (solid lines) and Gilsocarbon (I2 as shown in Table
3.4) (dotted lines) samples at CP of 200 MPa and both taken to maximum differential stresses of 57 MPa
(A.A. - Average axial strain, A.C. - Average circumferential strain, V.S. - Volumetric strain)

The change in strain of both PGA (WG) and Gilsocarbon samples under axial deformation are
shown in the Figure 4.21. The maximum differential stress attained during cyclic deformation
was 57 MPa. As the stress increases, both Gilsocarbon axial and circumferential strain increased
less rapidly than both PGA strains. At the same strain value, Gilsocarbon sample supported
more differential stress than PGA samples. This suggested that Gilsocarbon was stiffer than

PGA, due to lower porosity in Gilsocarbon compared to PGA as mentioned above.

4.2.3 DPoisson’s ratio

The ratio of circumferential to axial strain magnitudes is dependent upon the stress, yielding a
Poisson’s ratio (V) [42]. In the Figure 4.22, sample (F6) at a confining pressure of 200 MPa has a
lower Poisson’s ratio (0.2 - 0.3) than sample (F7) at confining pressure of 60 MPa (0.25 - 0.45).
Low Poisson’s ratio implies volume reduction during loading. High porosity material was closer

to a Poisson’s ratio of 0.5 (constant volume deformation).
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Figure 4.22 Poisson’s ratios of two PGA-AG graphite samples (F7) at CP of 60 MPa and PGA-AG (F6) at
CP of 200 MPa during axial deformation

4.3 High pressure ultrasonic measurements

One effect of nonlinear elasticity on strain wave propagation is that the velocity of the elastic
wave is a function of the applied stress or strain on the material. The ultrasonic method used in
this study to determine the bulk elastic properties of graphite is based on the measurement of the
ultrasonic velocities in different directions of the sample. The velocity obtained from ultrasonic
measurements of each sample was used to calculate the dynamic Young’s moduli (DYM) as a
function of pressure. The results show the overall bulk elastic constants at different pressures,
including the influence of porosity on bulk modulus.

The main difference between the ultrasonic tests and the static tests described above is that the
static method is based on the measurement of deformation induced in a material by the
application of known force whilst dynamic method is based on the measurement of ultrasonic
body wave velocities

The piston-sample-transducer assembly employed allowed the simultaneous measurement of
compressional (P) and shear (S) wave velocities parallel to the sample axis (Z) direction as a

function of confining pressure up to 200 MPa. Dynamic modulus is directly proportional to the
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ultrasonic velocity (as shown in Equations 3.18- 3.20 in chapter 3) and therefore an increase in
P-wave velocity implies an increase in the dynamic modulus. However as the pressure was
increased, material become more stiff and therefore the density increased, this change in density
during loading was taken into account by correcting the sample density, using the bulk density of
the sample at zero pressure. Upon loading, there are elastic and inelastic deformation occurring

whereas upon unloading, the initial slope corresponded to mostly elastic deformation

4.3.1 Hydrostatic P-wave measurements
With increasing the confining pressure, the dynamic Young’s modulus and shear modulus
showed a nonlinear increase and the Figures 4.23, 4.25 - 4.30 show that the non-linearity increase

approaches linear behaviour above 200 MPa.

Both PGA (AG and WG) and Gilsocarbon were loaded up to 207 MPa in the seismic rig, using
the P-wave and S-wave assemblies. The Figures 4.23 and 4.24 show how DYM varies with
pressure for PGA and Gilsocarbon respectively. Both PGA samples show very similar
behaviour, exhibiting of hysteresis and a non-linear increase in dynamic modulus (ultrasonic
velocity with increasing pressure). The dependency of P-wave velocity on confining pressure was
similar to the behaviour observed in previous work on graphites under pressure [112] and also
on rocks [121, 122]. According to Lokajicek et al. [112], the P-wave velocity increase in graphite
is mainly related to the closure of the internal pores and possibly closure of basal (cleavage)

microcracks.

103



28
—
&
23
)
il
w
=
=
o + AG-Loading
o 18
E O AG-Unloading
'_;nD WGE-Loading
=
= WG-Unloading
O i3
- Poly. (AG-Loading)
]
é Poly. (AG-Unloading)
E Poly. (WG-Loading)
=
i T Poly. (WG-Unloading)
3
o 50 100 150 200 250

Confining Pressure (MPa)

Figure 4.23 Dynamic Young’s modulus with respect to the applied confining pressure on the PGA-AG (J9)
and PGA-WG (J23) graphite samples

It may be suggested [21] that at low pressure (below 50 MPa), there is not enough pressure to
distort the graphite grains in order to close the pores. In the hydrostatic experiments, it was
known that between 50 MPa and 100 MPa there was a large change in the slope of the
hydrostatic compaction curve and this corresponds to a steepening of the DYM against pressure
graph shown above. Above 50MPa, the graphite becomes more stiff, less dense, hence increase
in DYM. As shown in Figure 4.23, at 207 MPa, the maximum DYM of PGA-AG and PGA-WG
are 22 GPa and 25.5 GPa respectively. These values are less than the both modulus of graphite
single crystal ¢;; and c;; (1056 GPa and 36 GPa respectively) [123], and also there is a huge
difference in elastic properties. This will be discussed later in Chapter 6. At 207 MPa, the DYM
was still rising which indicated that the pores and microcracks in the graphite were not
completely closed at this pressure (as shown in the Figure 4.24). The change in behaviour in

PGA around 50 MPa was also noticed in the static loading.
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At the beginning of unloading, the time of flight stayed almost the same, the sample change in
length was constant due to fact that the graphite sample held on to its initial strain at 207MPa.
The more pressure was released the more the DYM decreases. The hysteresis loop is much less
pronounced for the DYM than for the volumetric strain. In the Figure 4.23, it can be seen PGA-
AG is less stiff than PGA-WG, the time of flight of PGA-WG is shorter than PGA-AG due to
the preferential alignment of the stiff basal planes parallel to the measurement direction in the

PGA-WG sample.

The average DYM of PGA-AG before and after loading were 6.5 GPa and 3.3 GPa respectively,
whilst the average DYM of PGA-WG before and after deformation were 10.4 GPa and 6 GPa.
The value after loading is almost half of the value before loading. This might be due to change in
microstructure (complex reorientation of the crystallite due to closure of pores and opening of

grain boundaries).
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Figure 4.24 Dynamic Young’s modulus against the porosity change due to pressure effect on the PGA-AG
(J9) and PGA-WG (J23) graphite samples
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The change in DYM against porosity change is shown in the Figure 4.24. Hysteresis loop was

observed in the porosity change, which means the rate of change of porosity during loading, was

different from the rate of change of porosity after loading. The porosity gradual closure was

noticed at lower pressure, at higher pressure, the DYM increased sharply as the porosity closed

(as expected). During unloading, porosity opened gradually as the graphite volume recovered.

However not all porosity that closed during loading recovered during unloading, resulting to

change in the graphite microstructure (sample became smaller in size compared with virgin

sample size), hence the DYM value after loading reduced.

In Figure 4.23, slight decrease in modulus from 0 - 50 MPa, followed by a large increase in

modulus behaviour is observed in irradiated graphite (see Figure 2.16 in the chapter 2).
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Figure 4.25 Dynamic Young’s modulus with respect to the applied confining pressure on the Gilsocarbon

graphite sample (I4)

The Figure 4.25, shows the different behaviour of Gilsocarbon (I4) compared with PGA. With

increased pressure, the value of DYM dropped from 14 to 10.5 GPa over the first 100 MPa and
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then rose to 14 GPa at 200 MPa. As the pressure increased, the grains became less stiff unlike
PGA, and the DYM began to decrease, a sudden increase in DYM at 120 MPa was probably due
to the fact that the grains became more stiff (enough pressure for closing larger porosity), and
the DYM value was raised by 14 % of the initial DYM value at room pressure (12.4 GPa).
During unloading, the DYM decreased and the sudden increase in DYM was experienced at 50
MPa, similar to the sudden volume recovery experienced at 50 MPa. The value of the residual

DYM was 8 % less than the initial DYM value at room pressure.
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Figure 4.26 Dynamic Young’s modulus with respect to the applied cyclic confining pressure on the PGA-
WG (J23) graphite samples
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In the Figure 4.26 and 4.27, both PGA and Gilsocarbon showed similar trend in their cyclic
behaviour compared with their first cycle, only that their second cycle of loading became stiffer
compared with the first circle of loading. The non-linear steep DYM increase with pressure was
clearly a result of progressive closure of microcracks. The turnaround (sudden change) tends to
move slightly to the left hand side during the second cycle which suggested that the reloaded
graphite microstructure is different to the virgin microstructure, hence different behaviour
during loading leading to different values of the turnaround. The author suggests that repeating
the loading cycle more than once would increase the stiffness of the sample until there was no
further major change in the sample microstructure. This is at least consistent with compaction of

rocks (polycrystalline material) that compact more if pressure cycled [124].
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Figure 4.27 Dynamic Young’s modulus with respect to the applied cyclic confining pressure on the
Gilsocarbon (I10) graphite samples
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4.3.2 Hydrostatic S-wave measurement

The behaviour of the graphite S-wave velocity under compression (Figures 4.28 and 4.29) were
similar to the graphite P-wave velocity behaviour mentioned above, this was due to opening and
closing of the microcracks. The shear modulus value of Gilsocarbon (Figure 4.29) was higher
than the value of PGA, this due to higher density of Gilsocarbon. In the PGA-AG sample, the
stiff basal plane are preferentially aligned perpendicularly to the measurement direction, therefore
the PGA-AG was less stiff compared with Gilsocarbon which was more dense. Gilsocarbon had

shorter time of flight, which resulted in a higher shear modulus than PGA-AG.
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Figure 4.28 Shear modulus with respect to applied confining pressure on the PGA-AG (J15) graphite
samples
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Figure 4.29 Shear modulus against applied confining pressure on the Gilsocarbon graphite sample (I5)

4.3.3 Comparison between static and dynamic modulus of PGA and Gilsocarbon

The magnitude of the strain in variation and dynamic experiment was tiny compared to the strain
variation in a static experiment. Also the wave length of the ultrasonic wave was important as
the wavelength must be much larger than the grain size otherwise if the wavelength was too

small it could pass through the material without interacting with the porosity.

As shown by the hydrostatic loading cycles (Figures 4.15 and 4.16), the static stiffness
corresponding to the slope of the loading line was much lower than the dynamic stiffness in the
Figures 4.23 and 4.25- 4.27 that was determined from the ultrasonic velocity measurements.
Upon loading, there are elastic and inelastic deformation occurring whereas upon unloading, the
initial slope corresponded to mostly elastic deformation. Hence the unloading stiffness (as
illustrated in the Figure 4.15 and 4.16) are quite similar to the dynamically measured stiffness

during loading apart from Gilsocarbon dynamic loading stiffness.

4.3.4 Discussion and conclusion
The static and dynamic elastic moduli of the two grades of graphites (PGA and Gilsocarbon)
have been measured for comparison. It was shown that the anisotropy of the elastic properties

of PGA is due to the crystallographic texture formed during the extrusion process, the pores and
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microcracks are not totally closed at a pressure of 200 MPa and they greatly influence the exact
values of the bulk elastic moduli of graphite. At low pressure, the increase in modulus was
negligible, due to the fact that there was not enough pressure to cause major grain distortion and
porosity. The modulus of the graphite grades increased rapidly in a non-linear manner below and
above a critical pressure, critical pressure referred to as the crack-closure pressure, as the
pressure increased. During loading, the microcracks are closed at critical pressures of ~50 MPa
and ~100 MPa for PGA and Gilsocarbon respectively. The modulus increased sharply after
these critical pressures. During unloading, closed cracks reopened gradually until the critical
pressure was reached. Below the critical pressure, the graphite almost recovered its original
volume at a faster rate. It can be concluded that there was strong stress dependency in the

hydrostatic confining conditions due to closure and opening of microcracks.

4.4 Post-deformation microstructural characterization and properties

measurement

After deformation, the change in microstructure properties was characterized using the x-ray
tomography technique, the helium pycnometer and the mercury porosimeter mentioned in

Chapter 3.

4.4.1 Tomography scans and mercury pycnometry results

Gilsocarbon graphite sample (I8) was scanned before and after hydrostatic deformation, the total
tomography slices for each sample was 1800 slices. One of the middle slices (slice 957 is shown
in the Figure 4.30) was chosen in order to examine the microstructural change. The scan of the
virgin sample is shown in the Figure 4.30A and the scan of the deformed sample is displayed in
the Figure 4.30B. In the deformed scan, the red circled areas showed some of the regions where
there was porosity closure while the green areas showed some of the areas where crack opening
was noticed. Both porosity opening and closure were noticed though out the whole graphite
microstructure (filler and binder). These microstructural changes were responsible for the

behaviour of graphite under high pressure measurement.
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Figure 4.30 Tomographic scans of Gilsocarbon (I8); (A) before and (B) after cyclic confining pressure of
up to 200 MPa. The red circled areas showed some of the regions where there was porosity closure while
the green areas showed some of the areas where crack opening was noticed after deformation.

In order to investigate the porosity changes before and after deformation, Aviso was used to
estimate the equivalent pore diameter of tomography scans of Gilsocarbon sample (I8) before
and after deformation. The same region of interest was analysed in both scans. A volume of
300X300X300 voxels was analysed. The result is shown in the Figure 4.31. The smallest feature
in the tomography scan was 14.6 um/pixel. In the Figure 4.31, the equivalent pore diameter
below 51.1 um is reduced after deformation. The results indicate that the amount of macropores
have reduced after deformation. The same trend (closure of macropores from pore radius 10 -
100 um) was noticed in the mercury pycnometry result shown in Figure 4.32. It provided
reasonable evidence that confirmed the pore closure seen in the two dimensional image (Figure
4.30). The only limitation to with this approach is that porosity micropores below 14.6 um

cannot be seen in the scans.
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Figure 4.31 Frequency of the equivalent pore diameter of Gilsocarbon sample I8 tomography scans before
and after deformation

The change in porosity throughout the whole scanned micrograph was investigated further by
using mercury porosimetry to analyse the porosity distribution before and after deformation.

These results are shown in Figures 4.32 and 4.33
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Figure 4.32 Pore size distribution of virgin and deformed Gilsocarbon graphites (I1 — hydrostatically
loaded up to 200 MPa, I3 — hydrostatically loaded up to 200 MPa and differential stressed up to 36 kN, and
I7- hydrostatically loaded up to 80 MPa)

In the Figure 4.32, the broken lines represent the deformed Gilsocarbon while the solid lines
represent the virgin Gilsocarbon. There seems to be a general decrease in the porosity volume of
pores radius 1 — 100 gm while increase in the volume of open pore radius <1 pum. The sample
13 was hydrostatically loaded up to 200 MPa and differential stressed up to 36 kN while sample
17 was loaded up to 80 MPa, the sample 13’s volume of open pore entrance radius 1 - 100 gm
seemed to be smaller than the sample 17’s volume of open pore entrance radius 1-100 gm. In
both cases, more open pore entrance radius <1 pm are produced compared with the virgin

sample. Hydrostatic load up to 200 MPa seemed to have a microcrack formation effect on
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Gilsocarbon microstructure compared with other loading mode i.e. axial deformation, which
seemed to have closed more microcracks formed by the hydrostatic stress. This behaviour is
strange because axial deformation rather than hydrostatic compaction was expected to induce a
greater microcrack formation effect on the Gilsocarbon microstructure. It is suggested that in
closing the large pores during hydrostatic loading, induced strain heterogeneity caused sites of
high internal stress that opened up pores when the pressure was released. The axial deformation
might have “healed” these sites of high internal stress causing them not to open as micropores

when the stress was released.

4.4.2 Gilsocarbon dynamic Young’s modulus and helium pycnometer results

It can be concluded that the higher the hydrostatic stress (200 MPa), the more microcracks that
formed between the grains and the more closure of macropores resulted in decrease in DYM, by
up to 11 %. In axial deformation, pore size = 1 um closed, therefore reduced the DYM by 11.5

%. These results are illustrated in the Table 4.3.

Table 4.3 Change in Gilsocarbon elastic properties at different loading mode (i.e hydrostatic loading,
differential stress and dynamic loading)

CP of
. Virgin High CP
rE lasrtiic Gilso Izov;()(:h}[)Pl;p up to azr?c(l) IXI:EZI
properties (GPa) © 200MPa )
deformation
E 12.4 -6 % -11% -11.5 %
G 5.1 -2 % -2 % -6 %

Axial deformation created more shear effect in the Gilsocarbon microstructure due to sliding of
the bassal planes on top of each other in the process of moving the crystal into the neighbour
accomodative void. It is suggested that the bonds between the planes become weaker as the

frictional forces increase resulting in lowering of the shear modulus.

The DYM and the shear modulus of Gilsocarbon (before and after deformation) for all different
loading modes are shown in the Figure 4.33.The DYM value for the deformed samples seemed
to be more reduced than the shear modulus as expected. The Gilsocarbon behaviour seemed to
be independent of porosity compared with PGA (Figures 4.36 and 4.37), this shows that PGA

microstructure is more heterogeneous.
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Figure 4.33 DYM and shear modulus of Gilsocarbon against the Open Pore Volume (OPV) before and
after deformation at different loading modes (i.e. hydrostatic loading, differential stress and dynamic
loading)

In the Figures 4.34 and 4.35, both Virgin and deformed PGA show porosity distribution range
from macropores region to the micropores and mesopores regions. The microstructure of both
deformed samples shows overall reduction in the volume of open pore radius 0.003 — 12 gm
compared with the virgin sample. Unlike the Gilsocarbon, there was general reduction PGA-WG
and PGA-AG macropores size < 10 pm. This might be due to higher total porosity in PGA than
Gilsocarbon. There seems to be more deformation or collapse in the PGA graphite structure due
to more accommodative void in the PGA microstructure compared with Gilsocarbon which is

denser.

PGA-WG (J22) pore sizes generally decreased more than PGA-AG (J9) under the same loading
condition (confining pressure up to 200 MPa), which suggested that more pores closed in the
PGA-WG sample than PGA-AG. This explained the reason why PGA-AG (F5) sample
appeared to be stiffer than PGA-WG (F1) sample in the Figure 4.14.
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Figure 4.34 Pore size distribution of virgin and deformed PGA-WG graphites (J2 - hydrostatically loaded
up to 200 MPa and differential stressed up to 57 MPa, J22 - hydrostatically loaded up to 200 MPa)
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Figure 4.35 Pore size distribution of virgin and deformed PGA graphites (J8 - PGA-WG sample
hydrostatically loaded up to 200 MPa and differential stressed up to 74 MPa, J9 - PGA-WG sample
hydrostatically loaded up to 200 MPa)

4.4.3 PGA dynamic Young’s modulus and helium pycnometer results

In Table 4.4, E and G represent the DYM and shear moduli parallel to the extrusion direction
(PGA-WG) respectively while E* and G* represent the DYM and shear moduli perpendicular to
the extrusion direction (PGA-AG) respectively. Both DYM and shear modulus of deformed
PGA were ~ 4 times and ~27 times more reduced than the DYM and shear modulus of

Gilsocarbon. This can be associated with the lower porosity in Gilsocarbon than PGA.
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Table 4.4 Change in PGA elastic properties at different loading mode

. CP of
Elastic Virgin PGA H:lg;r)ht(()IP 200MPa
properties (GPa) 200MPa and Ax1:al
deformation

E 11.1 -43.1% -43.2%
G 4.2 -40.5% -40.5%
E* 5.9 -44.1 -54.2%
G* 3.3 -54.5% -54.5%

In the Figures 4.36 and 4.37, the open porosity volume of PGA seemed to decrease after
deformation as expected, likewise the DYM values. There was a vague trend of porosity
decreasing after deformation of Gilsocarbon samples (Figure 4.33) compared with PGA samples
(Figures 4.36 and 4.37). Unlike the Gilsocarbon, PGA showed more DYM reduction after

deformation (as expected).
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Figure 4.37 DYM and shear modulus of PGA-AG against the Open Pore Volume (OPV) before and after
deformation at different loading mode

4.4.4 DPole figures for PGA
The contoured pole figure plot of virgin PGA was compared with the contoured plot of

deformed sample. The plot is shown in Figure 4.38, only the 0001 plane was considered because
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it was the only crystallographic plane that shows a strong preferred orientation. It was noted that
a girdle formed across the pole figures in a virgin sample is distorted after hydrostatic loading up
to 200 MPa. The initial strong orientation in the girdle becomes scattered and wider. It is
suggested that the grains oriented parallel to the basal plane are distorted during loading due to

basal sliding with the aid of surrounding spectrum of pores.

Virgin sample Hydrostatically loaded up to 200MPa

0001) X N0001)

Extrisiion airecmon ENTIusiOn airednon

A 1))

Figure 4.38 Pole to basal planes derived from the ODF calculated from the PGA experimental pole figures
before and after deformation. Colour scale is in multiples of uniform distribution.

4.4.5 Discussion

There was a general decrease in both DYM and shear modulus of deformed samples by applying
increasing hydrostatic stress. This behaviour was more pronounced in PGA than Gilsocarbon.
The modulus value of PGA decreased by ~ 50 % regardless of being subjected to different
loading mode (i.e. hydrostatic loading, differential stress and dynamic loading) unlike
Gilsocarbon sample which a shows slight decrease by 8 — 10 % for the same modulus. It can be

concluded that the decrease in the modulus of graphite by applying hydrostatic stress is mainly
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due to crystalline re-orientation and microcrack formation occurring with an increase in stress.
However the contribution of an increase in dislocation density as the stress increases cannot be
ignored. The main mechanism of decrease in DYM by applying hydrostatic stress can be
considered to be dependent on the orientation of the crystallites and of pores in the graphite

relative to the direction of applied stress and the level of applied stress.

4.5 Conclusion

Studying the cause and nature of the changes to the porosity may help to provide a mechanistic
understanding of corresponding changes in graphite’s physical and mechanical properties. This is
essential to assess the structural integrity of graphite components. In this work, hydrostatic
deformation of unirradiated graphite under high pressure was analysed to understand the effect
of porosity on both dynamic and static elasticity. The effect of these porosity changes on
graphite bulk properties has been investigated using the helium and mercury porosimetery
approach, and effective medium models.

The stress- strain relationship of polycrystalline graphite is known for its non-linearity and
hysteresis loops during cyclic loading stressing. During axial loading, within the individual
crystallites, the external stress can lead to a combination of (a) elastic deformation, (b)
irreversible shear (or plastic) deformation, (c) relief of internal stresses, and (d) local stresses
greater than the breaking strength which can cause microcracks. The first two processes cited
above have been used to account for the general shape of the axial stress-strain curves.

In most of the experiments in this work, the deformation was closing porosity despite new
porosity being generated during unloading. The axial stress-strain curve initially is linear with an
elastic behaviour, the pre existing microcracks close during the initial loading of the sample, at
this stage there is no circumferential strain within the sample. During unloading, a large
hysteresis was formed. The stressed grains are relieved; the initially closed pores began to reopen.
It is suggested that during this stage, the volume of pore re-opening superseded the volume of

pores closing, the graphite sample volume almost fully recovered.

In axial compression tests, PGA-AG samples was less stiff than PGA-WG samples. In
hydrostatic compaction tests, the PGA-WG sample deformed more because it has to undergo a
less complicated shape change. This was because the symmetry of their anisotropy is parallel to

the symmetry of its sample

For porous material (graphite samples), measurements have shown that it was possible to

measure Young’s modulus using longitudinal and shear velocities. The estimated values for
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Young’s modulus agree with the values estimated in previous work [115, 116]. Considering a
density value of 1.765 g/cm’, Young’s modulus of virgin graphite in different directions in
graphite samples varies from 5 to 12 GPa. At higher pressure, the densities of graphite samples

were higher than 1.765 g/cm’ (2.1 g/cm’).

The average Young’s modulus of virgin PGA-AG, PGA-WG, and Gilsocarbon were 5.9 GPa,
11.1 GPa and 12.4 GPa respectively, while previous work has reported Young moduli for PGA
PGA-AG, PGA-WG and Gilsocarbon to be 5.4 GPa, 11.7 GPa and 10.85 GPa respectively
without uncertainty estimates[18]. The modulus parallel to the extrusion direction was greater
than perpendicular to the extrusion direction as shown in the Figure 4.3D. Preferential

orientation of the porosity also contributes to the increase in modulus.

The increase in DYM of the samples with increasing pressure demonstrates the significant
contribution of the internal pores and microcracks to the bulk elastic properties of the graphite
and their anisotropy. The value of the shear modulus is less than the value of the dynamic

Young’s modulus for all materials as expected.

The mercury porosimetry results revealed that plastic deformability of the graphites by
hydrostatic loading can be identified with changes in the pore size resulting from the closing and
shrinking of the pores. It shows that there was more porosity closure in deformed PGA than
deformed Gilsocarbon under the same loading mode, the volume of Gilsocarbon seems to
increase or remain the same due to similar volume of microcracks closing and opening during
deformation. There is a general porosity reduction in deformed PGA. It was quite a difficult task
to study the changes in cracks less than 1 um before and after deformation due to structural

damage to the graphite after critical pressure exerted by mercury.

The distortion in graphite crystals after loading can be noted in the XRD pole figure contour
plots. Wide range of porosity in the graphite microstructure and crystallograhic preferred
orientation were suggested to be one of the reasons for an easy migration of crystallites during
loading. There was very little permanent strain in Figure 4.38, therefore more significant change

was not expected.
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CHAPTER 5

5 Micromechanics modelling

Pore spaces are responsible for most of the differences in the mechanical and physical properties
of graphite [5]. Many attempts have been made in the past to explain the elastic behaviour of
porous materials [74, 76, 77, 119]. Since graphite contains a broad distribution of pore sizes
(from sub-micron to few microns) with irregular shapes, it is more challenging to describe the
elastic behaviour of its complex microstructure. However attempts have been made in this thesis
to understand the effect of porosity change (closure and opening) on apparent bulk modulus (the

slope of pressure-volumetric strain curves calculated as shown in chapter 4).

5.1.1 [Elastic of Pore-free aggregate

As a starting point of reference, expected average elastic moduli can be calculated according to
various averaging schemes for an isotropically-textured, pore free graphite aggregate. To do this,
the graphite single crystal constants were obtained from Bosak [21], the elastic bulk moduli and
shear moduli [Voigt Reuss Hill (K z; and Ggpy), Self-Consistent (K. and Gy, Hashin
Shtrikman positive and negative bound (K, and Gy, , Ky and Gyg)] was calculated using
equations from Berryman [125, 126] as shown in the Table 5.1.

Table 5.1 Estimated elastic stiffness constants for pore-free, isotropically-textured polycrystalline

aggregates of the hexagonal crystals of Graphites A, B [125] and Graphite C (Single crystal constants used

in calculations are found in Bosak [21], estimated using equations from Toonder et al. [126] and Berryman
[125]). All units are GPa

Moduli Graphite A Graphite B Graphite C
K, 35.8 35.8 36
K, 286.3 286.3 281

Kirn 161 161 150
K, 36.2 42
K. 204.2 204.2
K, 77.8 88
Gy 0.65 9.2 11
Gy 217.9 219.4 240
Gyru 109.3 114.3 118
Gy 1.21 14.8
Gys. 146.2 148.9
G 38.9 52.6
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The differences in moduli of Graphite A, B and C shown in Table 5.1 calculated according to a
given averaging scheme are due to the different values of single crystal elastic constants reported.
There is a huge difference between Voigt (286.3 GPa) and Reuss (36 GPa) averages for K,
presumably on account of the anisotropy of the single crystals. The Reuss averages are much,
closer to the experimental values extrapolated to zero porosity. Reuss averaging assumes
constant stress in all grains, i.e. like a stack of plates normal to the applied load, whereas Voigt is
constant strain between grains. Reuss averages exactly describes the effective moduli of a
suspension of solid grains in a fluid, and also describes the moduli of shattered materials in
which solid fragments are completely surrounded by the pore fluid [74]. It may be suggested that
the freedoms given by the presence of porosity might make it easier for strain mismatches
between grains to be accommodated. Therefore it may be suggested that the microstructure

better supports a Reuss averaging scheme.

5.1.2 Modelling the influence of porosity

The effect of porosity on bulk modulus was considered by using models such as Voigt Reuss
Hill (VRH), Hashin Shtrikman positive and negative bound (HS+ and HS-) and Koster and
Toksoz (KT) for 2-phase aggregates, considering porosity as the second phase. The Reuss
effective bulk modulus (36 GPa) was used as an effective modulus of graphite at zero porosity.
Pores are then added to the models and the value of effective bulk moduli was extrapolated to
zero porosity. The effect of porosity shapes i.e. needle, sphere, penny and disk shapes were also
analysed. It is worth mentioning again that all these models considered assumed that the solid to
be isotropic and linearly-elastic. Gilsocarbon experimental data was used to compare the
effective medium models because graphite in it is near isotropic. PGA graphite was likewise

compared with KT model (even thou PGA is more anisotropic).

5.1.3 Voigt Reuss Hill (VRH) and Hashin-Shtrikman (HS) bounds

In VRH and HS, the bulk modulus of pore-free material (graphite) was taken to be 36 GPa and
the bulk modulus of void (air) to be 1.01X10° Pa. These were used to calculate the properties of
the porous material over a range of porosities from 0 to 25 %. The results were compared with
the Gilsocarbon experimental data (I3) where the porosity was closed by increasing the confining
pressure. It can be seen in Figure 5.1 that experimentally-observed graphite behaviour
corresponds well with the Reuss and HS- bounds. Although Gilsocarbon sample (I3) was
hydrostatically loaded up to 200 MPa and then differential stressed up to 36 kN, only the data

obtained from the hydrostatic compression up to 202 MPa (loading data without unloading) was
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used in Figure 5.1. These models confirmed that the bulk modulus increased as the porosity
decreased, as expected for porous materials. However this was not entirely true in the case of
graphite, it has also been reported earlier in this work that during loading, microcracks also

formed between the grains (i.e. in the Figure 4.26 in the result chapter)
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Figure 5.1 Bulk modulus against porosity for the Voigt, Reuss, HS- and HS+ averaging schemes compared
with the experimental data for the Gilsocarbon sample (I13)-hydrostatically loaded up to 202 MPa (loading
data only). The I3 experimental data conform closely to the predictions of Reuss and HS- averaging
scheme.

5.2 Kuster and Toksoz model

The Kuster and Toksoz (K-T) formulation for effective moduli was used to calculate the effect
of porosity on effective bulk modulus as shown in the Figures 5.2 and 5.3. The bulk modulus
curve increases rapidly below 14 % and 25 % porosity closure in Figures 5.2 and 5.3 respectively.
There was not enough pressure to close all the pores in the graphite sample, but it shows
continuous increase in bulk modulus at lower porosity. Bulk modulus of non-porous

Gilsocarbon can be calculated from the work of Berre [14, 120] to be 8.3 GPa, and this has

It was found that porosity in the form of penny-shaped cracks of aspect ratio 0.003, coupled

with a zero-porosity bulk modulus of 8.3 GPa gave the best fit with the experimental data for
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Gilsocarbon sample I3 for the porosity range 15 — 8 % (Figure 5.2). The value for zero porosity
bulk modulus that has to be assumed is lower than any predicted from single-crystal elastic

averaging schemes (Table 5.1), and this is a weakness of this approach.
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Figure 5.2 Bulk modulus against porosity of the KT model for the crack aspect ratio shown and a zero-
porosity modulus of 8.3 GPa, compared with the experimental data for the Gilsocarbon sample (13)—
hydrostatically loaded up to 202 MPa (loading data only)

In Figure 5.3, the KT model slope of 50 % of penny cracks with aspect ratio 0.01 and 50 %
sphere porosity was used to fit the PGA sample (J9) experiment data (seismic loading up to 207
MPa). The KT model slope is less steeper than the PGA data. The difference between the model
and PGA sample (J9) can also be associated with the porosity interaction in the graphite. Based
on the KT model shown in Figures 5.2 and 5.3, it may be suggested that there are more penny
cracks with lower aspect ratio (0.003) in Gilsocarbon than PGA sample. The 50 % spherical

porosity in Figure 5.3 suggested the presence of large pore size in PGA than Gilsocarbon.
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Figure 5.3 DYM against porosity of the KT model for the crack aspect ratio shown and sphere porosity
compared with the experimental data for the DYM of PGA sample (J9) — seismic loaded up to 202 MPa
(loading data only)

5.3 Conclusion

Models to estimate the mechanical properties of graphites over a wider range of porosity than
was accessible from the experimental studies were attempted using effective medium (EM)
models. Voigt, Reuss, Hill, Hashin-Shtrikman bounds and Kuster and Toksoz models have been
used. None of the models can completely describe all the characteristics of the experimental
data; this might be due to porosity interaction in the graphite during deformation. Since the
model theories did not explicitly consider the interaction of pores within their medium, they are
not completely reliable representatives of the complex change in graphite macrostructure.
However, the Reuss averaging scheme for porous graphite, using a Reuss average bulk modulus
from single crystal elastic moduli determinations, or the KT scheme for an assumed value of
zero-porosity bulk modulus and an assumed crack porosity aspect ratio, provide good fits to the

experimental data for Gilsocarbon, and therefore can be used as a satisfactory semi-empirical
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basis for calculating effective moduli for porosities outside the experimental range of 8 to 15%

porosity.
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CHAPTERG6

6 Summary, conclusions and further work

The aim of this work was to use hydrostatic pressure to study possible synergies with the elastic
behaviour of irradiated graphite Although the nuclear reactor environmental condition is harsh
(e.g. high temperature), the effect of temperature on graphite was not investigated in this work.
Thus the investigation of possible time-dependent behaviour which might rise as a result of
thermally activated deformation processes could not be investigated. Time dependent behaviour

could not be seen at room temperature. Hence this is a key area for future research.

Despite carrying out this study only at room temperature, we can recognize that since irradiation
changes are primarily related to crystallite reorientation and opening and closure of porosity,
these changes can be successfully simulated by hydrostatic compaction of graphite. In this study,
modulus increases due to application of pressure have been shown to be related to measured
microstructural changes. In the same way, modulus changes induced in graphite through
irradiation can be linked to microstructural changes. We can therefore postulate that whether
given microstructural changes are induced either by hydrostatic pressure or by irradiation, similar

elastic property changes can be expected..

The elastic properties of graphite can change in a nuclear reactor because cumulative damage can
lead to graphite shrinkage, potentially resulting in disengagement of individual components and
loss of core geometry. Differential shrinkage in the graphite component can lead to the

generation of internal stresses and component failure by cracking.

In the course of this study a range of experimental measurements of the effects of hydrostatic
and non-hydrostatic loading on isotropic and anisotropic graphites was brought to bear, in order
to link the effects to microstructural changes, and this represents the principal scientific

contribution of the present research. These studies were:

<> The porosity and pore-size distributions and the crystallite orientation in the graphite
microstructure were characterized before and after deformation. It was confirmed that
Gilsocarbon is near isotropic, as shown by the pole figure uniform intensity. The PGA
pole figure showed a strong girdle of poles to basal planes, which confirmed its
anisotropic nature. Deformed graphite showed increased scatter of orientations but the

initial girdle texture remained.
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Through carrying out hydrostatic compaction experiments coupled with dynamic
modulus measurement on nuclear graphite samples. The author was able to demonstrate

quantitatively that the increase in Young’s modulus is due to porosity closure.

o Application of effective medium models showed the importance of porosity evolution in
the graphite during deformation. Graphite is extremely anisotropic, to the extent that the
Voigt (isostress) and Reuss (isostrain) averages are so different that they are likely not to
be meaningful in an anisotropic material. The question therefore arises “what kind of
averaging scheme can be usefully applied?” so that elastic property changes can be linked

to microstructural changes extrapolated outside the range of experimental measurements.

A range of elastic property averaging schemes was applied. The heart of this is zero porosity
elastic behaviour, because that pins the curves shown in Figures 5.1 and 5.2. The Reuss averages
(e.g. 36 GPa for the bulk modulus) were found to be much closer to the experimental values
extrapolated qualitatively to zero porosity. Incorporating the effects of porosity using either the
Reuss or Kuster/Toksoz averging schemes was shown to provide a useful semi-empirical basis
for extrapolating the effects of porosity outside the range of experimental data.

Studying the cause and nature of the changes to the porosity has helped to provide a mechanistic
understanding of corresponding changes in physical and mechanical properties of graphite. Thus
observations of the microstructural changes caused to irradiated graphite components can be
translated into corresponding effects on elastic properties using the approach developed in this

thesis.

6.1 DPotential future research directions are outlined below

X When graphite is irradiated, its Young’s modulus first rises rapidly, then increases more
slowly before falling off towards zero with increasing fast neutron fluence (time
irradiated). This behaviour is thought to be associated with dislocation pinning, crack
closure and finally grain boundary cracking, but no real evidence of this behaviour
presently exists is in the literature. The author recommends that future work should
involve the investigation of the change in porosity, in graphite irradiated to various levels
of irradiation dose, by measuring pore volume change as a function of confining pressure
between room temperature to 700°C, in order to study more directly the effects of
irradiation and temperature on porosity change. This could be coupled with dynamic

modulus measurement.
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In carrying out the mercury porosimeter measurements, it proved difficult to study the
closure of cracks less than 1um before and after deformation due to the graphite
structural damage after critical pressure is reached during mercury porosimetry.
Furthermore the use of the helium porosimeter in this work could only measure the total
accessible pore volume. The pore size distribution could not be measured. It would be
better to characterise the pore distribution using a Quantachrome gas porosimeter which

is capable of measuring pore distribution in pores less than 1um using a gas medium.

XRD has low penetration power and small beam size compared with neutron diffraction
techniques, and pore statistics can be achieved in coarse-grain materials. A complete pole
figure cannot be measured by laboratory X-ray diffraction due to the strong defocusing
effect and diffraction geometry as mentioned earlier in Chapter 3. Electron diffraction
maybe a better candidate method; | but you can only do this in very thin specimens, do
you really want to suggest this, except only for EBSD texture measurements?| the result
from electron diffraction can be presented directly in orientation space without the
additional mathematical calculations which are necessary in X-ray and neutron
measurements. Possible errors occurring during mathematical treatments can be avoided
using electron diffraction. However the author did not use a Scanning Electron
Microscope (SEM) equipped with an Electron Backscatter Diffraction (EBSD) detector,
because it was very difficult to polish the samples. Ion beam milling might be an option
to polish the surface, although it takes a long time to do so given the area that would be
required to include enough grains. Another option is chemical polishing but graphite is

so unreactive it might be difficult to form a good polished surface.

In-situ measurements (e.g. using high-energy synchrotron radiation) are capable of
revealing microstructure and texture evolution in the sample being tested. This would
avoid the uncertainty originating from the usage of many different samples. The
mechanical properties and texture evolution are strongly dependent on the initial texture
and microstructure. By interpreting the measured texture results together with the results
of a numerical simulation of texture development, the anisotropic behaviour and the
activity of the potential deformation modes in a graphite microstructure could be

analysed as a function of initial texture and degree of deformation.

Multi-scale modelling using finite element analysis would also be attempted. This might
be used to model more directly the mechanistic behaviour of graphite non-linearity, by

using tomography scans to create a realistic finite element model and using Simpleware
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CAD software. It should be aimed to create models with realistic, but simplified, ideal
pores which may interact. The apparent bulk modulus calculated in such away can be

compared with experimental results.

Studies of evolution of mechanical properties should be carried out at high temperatures,
more closely to simulate the in-reactor condition, due to investigate thermally-activated

deformation processes.
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7 Appendix

Table 7.1 Summary of data reported in the text for Gilsocarbon graphites ( Kis the bulk modulus, whilst K after is the bulk moduli after deformation E is the dynamic
moduli, whilst E after is the dynamic moduli after deformation, G is the shear moduli whilst G after is the shear moduli after deformation).

porosity E G E after | G after K after
ID | Porosity | CPV | OPV | OPV after after (GPa) | (Gpa) | (GPa) | (GPa) V1 V2 | K= E/3(1-2V) (GPa)
17 16.8 7.1 9.7 9.3 16.4 12.3 5 11.6 4.9 0.23 | 0.18 7.59 6.11
E1 19.6 9.1 10.5 10.3 19.4 12.5 5.1 11.21 5.18 0.23 | 0.08 7.59 4.47
E2 19.6 9.5 10.1 9.5 12.3 5 0.23 7.59
I1 20.7 8.5 12.2 11.9 20.4 12 5 11.1 4.9 0.20 | 0.13 6.67 5.04
14 9.7 12.4 5 11.2 4.6 0.24 | 0.22 7.95 06.61
I5 7 12.3 5 11.1 4.6 0.23 | 0.21 7.59 6.30
I6 16.9 7.3 9.6 9.3 16.6 12.5 5 12 5.3 0.25 | 0.13 8.33 5.44
I8 17.6 7.6 10 10 17.6 12.2 5 10.4 4.4 0.22 | 0.18 7.26 5.45
110 19.1 7.1 12 9.7 16.8 12.3 5.1 0.21 6.97
12 19.6 8.6 11 10.9 19.5 12.3 5 11.2 5 0.23 | 0.12 7.59 4.91
I3 19.2 8.7 10.5 10.3 19 12.2 5 10.8 4.7 0.22 | 0.15 7.26 5.13
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